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Abstract 
 
Title: Fractional-slot concentrated-winding surface-mounted permanent magnet motor design and 
analysis for in-wheel application 
Supervisor: Prof. Alberto Tenconi 
Area of Concentration: Converters, Machines and Drives 
Keywords: in-wheel motor, SPM motor, motor design, motor control, loss evaluation, efficiency 
map evaluation, driving cycle analysis, multi-objective optimization, finite element analysis. 
Number of pages: 134 
The study on the driving cycle and powertrain of electric vehicle presents the conclusion that 
there is a regular working area on efficiency map where electric motor works for the most time. 
Thus, two motivations are proposed: first, to evaluate the efficiency map of electric motor 
analytically, second, to design an electric motor whose maximum efficiency area on efficiency 
map covers its regular working area. 
To evaluate motor efficiency map, three tasks have to be completed: calculating torque-speed 
characteristic, calculating losses, studying on motor control strategy. For in-wheel application, 
surface-mounted permanent magnet motor with fractional-slot concentrated-windings is adopted. 
Its torque-speed profile of flux-weakening control is calculated. Different methods of losses 
calculation are compared and the results are presented. Motor control strategy is studied to obtain 
the input electric parameters of other operating points within the torque-speed profile. 
To design the motor, driving cycle and powertrain of electric vehicle are analyzed. Multi-
objective optimization is utilized to obtain the optimal motor design. Different factors impacting 
motor efficiency map are discussed. The motor designs are compared to illustrate the loss balance 
of electric motor. 
Motor design and analytic results are validated in powertrain calculation and finite element 
calculation. Flux-weakening control is implemented. The co-simulation model is built up for 
further study to calculate the dynamic efficiency of driving cycle. A prototype with similar 
typology and winding layout is manufactured. Some preliminary experiment results are presented 
and compared with analytic results. 
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INTRODUCTION 
 
Due to the crude oil crisis and environment pollution by greenhouse gas, electric vehicle has played 
an important role for the evolution of sustainable harmonious human society. Many prototypes of 
electric vehicles have been realized and commercialized successfully. Related reports of investigation 
on the materials and mechanical, electrical, thermal system are also released [1–9]. 
1.1 In-wheel motor concept 
There are various configurations of electric vehicle propulsion system. In (f) of Figure 1 the motor is 
mounted into the wheels to drive the vehicle directly, which is the so-called in-wheel motor or wheel 
hub motor. This figure shows the evolution from a normal propulsion system to an in-wheel 
propulsion system. The advantage of in-wheel motor is illustrated evidently. Figure 2 shows an 
example of in-wheel motor assembling.  
 
C: Clutch; D: Differential; FG: Fixed gearing; GB: Gearbox; M: Electric motor 
Figure 1 Propulsion system configuration of electric vehicle 
Compared with other configurations, the adoption of in-wheel motor exhibits following advantages 
[10]: 
(1) The mechanical transmission between the driving motor and wheels can be eliminated. 
Furthermore, the differential, gearbox, clutch, and connection shafts are not necessary either. 
The removal of these components will not only bring extra space but also reduce the overall 
curb weight of the vehicle and further increase the fuel economy. 
(2) With less mechanical connection and transmission losses, the compact in-wheel configuration 
can improve the global efficiency of powertrain. 
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(3) Due to its very compact assembling, there is more space on board for batteries or other 
energy sources. Compared with other configurations, extra power will help to extend driving 
range. 
(4) There is more space to assemble the safety apparatuses like energy absorbing boxes for car 
crash. 
(5) The electric vehicle can have four-wheel drive or two-wheel drive. Each individual wheel can 
be controlled independently, which provides more flexibility during driving. 
(6) It is more efficient to collect regenerative power during braking. 
 
 Rotating parts  Fixed parts  Peripheral parts 
Figure 2 An example of the structure of an in-wheel motor 
1.2 Products overview 
 
Figure 3 Michielin active wheel system 
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Michielin invented the active wheel system since 2008. The system has the common features of in-
wheel application like no engine under hood, gearboxes or transmission. In addition, this wheel 
system also integrates a compact active suspension inside. There are two electric motors. One motor 
delivers 30kW continuous power for traction and braking, the other functions for the active 
suspension control. The active suspension system can stabilize the car when driving on bumps. 
Michelin also developed the electronics and the battery pack with the capacities ranging from 15KWh 
to 38KWh. 
   
(1) wheel rim (2) in-wheel motor (3) electronic wedge brake  
(4) active suspension (5) electronic steering 
Figure 4 The in-wheel motor of Siemens VDO 
Siemens VDO proposed the concept of “drive-by-wire” and started the so-called eCorner project in 
2006 [11]. They developed Electric Corner Modules (ECM) to replace the conventional wheel 
suspension system, which can be any combination of tire, wheel, brake, steering, suspension, electric 
motor and/ or cooling system. The main target is to reduce the vehicle weight and improve the fuel 
economy. Figure 4 displays the explosion view and the composition of the wheel. 
 
Figure 5 Protean in-wheel motor 
Protean electric developed liquid-cooling in-wheel motors with integrated inverters [12] as shown in 
Figure 5. This electric in-wheel motor can be used as vehicle's unique traction power source which 
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will lead to radical redesigns of the car body. Alternatively, as a secondary power of combustion 
engine in hybrid electric vehicle, it will serve to boost the power during acceleration, improve fuel 
economy or to realize zero emission in urban drive-cycle. Figure 6 shows the overview of the 
powertrain of an electric vehicle adopting in-wheel motor. Figure 7 shows the torque-speed and 
power-speed characteristics of Protean in-wheel motor. It can be seen that the motor can deliver 
81kW peak power and 64kW continuous power with the inverter DC voltage 400V. 
 
Figure 6 Powertrain of electric vehicle with in-wheel motor 
 
Figure 7 The torque-speed and power-speed characteristics of Protean in-wheel motor 
Table 1 Performance of Protean in-wheel motor 
Peak power @400V 81kW 
Continuous power @400V 64kW 
Peak torque 800Nm 
Continuous torque 500Nm 
DC voltage 200-400V 
Length 115mm 
Diameter 420mm 
Mass 31kg 
18 
 
Besides the above-mentioned companies, also other car producers manufactured electric vehicle with 
in-wheel motor like Mitsubishi iMEV, Ford Hi-Pa Drive F-150, Volvo C-30 recharge, Porsche 918 
Spyder, PML Mini etc. 
1.3 Challenges and design considerations 
Although there is a bundle of advantages that in-wheel motor could bring for the development of 
electric vehicle, there still exist many challenges, which may hinder in-wheel motor’s wide utilization.  
First, the in-wheel electric motor increases the weight of the wheel, which influences vehicle 
dynamics. This influence may make the suspension difficult to adapt to the road profile and cause 
vibration of car body. This indicates the weight and power density are very important crucial points 
during in-wheel motor design. 
Second, the in-wheel motor is assembled into the wheels, which is not supported by sprung. This 
requires changes to the suspension and damping systems or even redesigning the vehicle’s structure. 
Conventional vehicle will not be applicable to mount in-wheel motor. 
Third, due to the enclosed operating conditions and the integrated electronic module, the in-wheel 
motor confronts harsh thermal and cooling problems. This also proposes the requirements of high-
efficiency motor design, effective cooling system, as well as accurate thermal field prediction. 
Besides, high starting torque and overloading torque are also requested during starting the vehicle, 
accelerating or climbing ramps. 
1.4 Comparison of motor typologies 
Many papers have compared various types of suitable traction motors for electric vehicle. In [13], the 
authors discussed about the basic characteristics of electric traction motor for electric vehicle and 
reviewed the merits of induction, switched reluctance motor, permanent magnet brushless motor as 
well as their motor drives. In [14], induction, brushless and synchronous reluctance motors are 
compared for application in high performance drive. In [15], the authors discussed different kinds of 
permanent magnet motors and their drives for electric vehicle. In [16], the reluctance motor is 
compared with induction motor from the view of torque density and the paper illustrates the benefits 
brought by magnet adoption. 
For in-wheel traction application although some papers reported to use the switched reluctance motor 
due to its inherent fault-tolerant ability and simple construction [17]. However, due to the high 
requirement on high power density of in-wheel application, permanent magnet motor still appears to 
be the ideal candidate and widely used. Both the axial flux motor and radial flux motor adoption are 
reported in [18–20]. In [21] and [22], they are compared from the view of motor design [23] and 
performance. External-rotor surface mounted permanent (SPM) magnet motor has drawn more 
attention for in-wheel motor solution as shown in Figure 4 and Figure 5. The external rotor can be 
mounted directly on the rim to drive the wheels. The speed of the motor is equal to the speed of 
electric vehicle. No gears are needed. Besides, this kind of in-wheel motor can be designed into 
pancake shape with high ratio of stator diameter to length, which makes the motor deliver high torque 
at low speed.  
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Figure 8 12-slots 10-poles fractional-slot concentrated winding [24] 
(left: single layer; right: double layer) 
Usually SPM motor is considered to have lower flux-weakening capability due to the lower winding 
inductance, because the actual airgap, the thickness of magnet plus the thickness of airgap, is very 
large. However, [25–27] proposed SPM motor design with fractional-slot concentrated windings as 
shown in Figure 8, which significantly increase the winding inductance. From the view of fault 
tolerance, [28–30] mentioned that non-overlapped single-layer concentrated windings, which have 
alternate teeth wound, separate phase windings physically, magnetically and thermally. This character 
yields nearly zero mutual inductances and avoids phase-phase short circuit. As for turn-turn short 
circuit, large slot leakage inductance inhibits the short-circuit current, which can be designed lower 
than the limit current of inverter. [31] and [32] compared the impact of winding layer number 
indicating that double-layer windings yield lower torque ripple and magnet eddy current losses than 
single layer windings while contribute to a lower overload torque capability. Besides, all these 
references reported fractional-slot concentrated windings inherently exhibits low cogging torque, 
short end-windings and, hence, a low copper loss, high efficiency and high power density as well as 
excellent flux-weakening performance. Except the serious attention on the magnet loss and 
temperature, SPM motor with fractional-slot single-layer concentrated winding become attractive 
candidate for the in-wheel application of electric vehicle.  
1.5 Key points of in-wheel motor design 
As discussed in previous two sections, during in-wheel motor design there are several key points that 
should be considered. First, the shape of the motor has to be pancake, which has big ratio of motor 
diameter to length. One reason is the room of the motor has to be compatible with that of the rim. 
Another reason is that pancake motor could deliver high torque at low speed. This character makes 
this kind of motor suitable for the direct-drive application.  
Second, the volume of motor has a limit due the dimensional limit of the rim. With the possible 
cooling system and acceptable temperature rise, the torque density is expected to reach the optimal 
value. In another word, that means the constraints of motor design are dimensional limit and cooling 
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condition. The input of motor design is the requested peak torque. The objective is to design a motor 
with the minimum volume or weight.  
Last key point and the most important one is the efficiency. The motor used for electric vehicle is 
different from the conventional electric motor, which is designed and optimized based on rated 
operating point. The in-wheel motor is required to have wide range of high efficiency area on 
efficiency map. Efficiency map is composed of x-axis representing speed, y-axis representing torque 
and z-axis contour representing efficiency. However, different driving cycles have different torque-
speed requests. Usually these requests congregate in a certain area called motor’s regular operating 
area. If motor’s high efficiency area can match its regular working area, the high efficiency motor 
design is realized [33], [34]. Thus driving cycle oriented motor design becomes important if the 
electric vehicle commonly operates for some certain driving situation like urban car, city bus or 
highway vehicle. 
1.6 Objectives of the thesis 
First, this thesis starts from external-rotor SPM motor design and analysis. A program for 
electromagnetic design has been developed. The magnetic field and motor losses are calculated 
analytically. Torque-speed characteristic is predicted. With the knowledge of motor control strategy, 
motor efficiency map is evaluated. 
Second, the impacts on motor efficiency map are discussed. Based on a specific driving cycle and 
powertrain, efficiency map oriented multi-objective optimization design procedure is developed. The 
SPM motor is designed to have its regular working area covered by its maximum efficiency area. 
Third, different motor designs have been evaluated with the help of finite element method (FEM) and 
powertrain analysis software [35]. 
 
 
 
 
21 
 
CHAPTER I 
 
EXTERNAL-ROTOR SURFACE PERMANENT MAGNET MOTOR DESIGN 
In this chapter, the basic permanent magnet motor design theory will be discussed. Different 
winding layouts are introduced. Basic analysis of electromagnetic circuit within stator and rotor is 
implemented. Motor dimensions are specified preliminarily. 
1.1 Winding layout design 
The winding layout for three-phase motor can be classified into two kinds: overlapping windings 
and non-overlapping windings. As in Figure 9, overlapping windings can be distributed windings 
(Figure 9.a) or concentrated windings (Figure 9.b). While non-overlapping windings are 
concentrated windings with each tooth wound (or called single-layer winding as shown in Figure 
9.c) or alternate tooth wound (or called double-layer winding as shown Figure 9.d). 
 
Figure 9 Winding layout 
For the last few years, fractional-slot concentrated-winding (FSCW) permanent magnet motor has 
drawn more interest due to its short end turns, high slot fill factor, low cogging torque, flux-
weakening ability and fault tolerance [24], [28], [36]. In [37], the comparison between Figure 9.b, 
Figure 9.c and Figure 9.d indicates FSCW motor with alternate tooth wound has a significantly 
higher self-inductance due to the higher harmonic and slot leakage components and significantly 
lower mutual inductance. In [31], the conclusions are made that the FSCW motor with alternate 
tooth wound in Figure 9.d has higher spatial sub-harmonics of MMF resulting in higher torque 
ripple and magnet eddy-current losses compared to Figure 9.c. However, it may have better 
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overload performance, flux-weakening ability as well as better fault tolerance due to the physical, 
magnetic, thermal separation between phase windings. 
In [38], Bianchi proposed “Star of Slots” theory to design winding layout. Slot-star is the 
distribution of coils on compass based on their electrical degrees as shown in Figure 10, which 
belongs to a combination of 24 slots 28 poles. For double-layer winding, there are Qs coils and 
Qs spokes in slot-star. But for single-layer winding, there are Qs/2 coils and Qs/2 spokes viz 
deleting one spoke between each two spokes. 
 
Figure 10 Single-layer slot-star of 24 slots and 28 poles 
When choosing the combination of slot and pole numbers, the following constraints have to be 
respected. 
 The number of spokes per phase         must be integer, t is the greatest common 
divisor of pole-pair number and slot number, 
 Considering the effect of cogging torque, the number of slots per pole should not be an 
integer except the three-slots-per-pole series. 
Besides, for single-layer winding, there is an additional constraint, which is: 
 Q must be even.  
After the slot-star is drawn, the spokes need to be classified into each phase belt of 60 elec.deg. 
There are six phase belts. The sequence is A+, C-, B+, A-, C+, B-. For the case of Figure 10, the 
spokes belonging to the respective phase belt are classified as [1 13], [3 15], [5 17], [7 19], [9 21], 
[11 23]. Then with knowing the coil span, slot-star and spoke classification the winding layout is 
identified. As the case in Fig.1, the coil span is 1. There are 4 coils each phase which will be 
connected in series.  The winding layout is shown in Table1, where ‘1’ denotes the coil side 
going into the slot, ‘-1’ denotes the coil side going out of the slot, ‘0’ denotes no coil. Its MMF of 
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individual phase can be drawn as shown in Figure 11, assuming one turn per coil and 1A current 
imposed. 
Table 2 Single-layer winding layout of 24 slots and 28 poles 
A 1 -1 0 0 0 0 -1 1 0 0 0 0 1 -1 0 0 0 0 -1 1 0 0 0 0 
B 0 0 0 0 1 -1 0 0 0 0 -1 1 0 0 0 0 1 -1 0 0 0 0 -1 1 
C 0 0 -1 1 0 0 0 0 1 -1 0 0 0 0 -1 1 0 0 0 0 1 -1 0 0 
 
Figure 11 Single-layer MMF of each phase of 24 slots and 28 poles 
As for double-layer winding, there are Qs coils and Qs spokes in slot-star, which leads to the 
different winding layout from single-layer winding. 
 
Figure 12 Double-layer slot-star of 24 slots and 28 poles 
The coil span is 1 and there are 8 coils each phase which are connected in series. The winding 
layout is shown in Table 3. Its MMF of individual phase can be drawn as shown in Figure 13, 
assuming one turn per coil and 1A current imposed. 
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Table 3 Double-layer winding layout of 24 slots and 28 poles 
A 1 -1 1 0 0 0 -1 1 -1 0 0 0 1 -1 1 0 0 0 -1 1 -1 0 0 0 
B -1 0 0 0 1 -1 1 0 0 0 -1 1 -1 0 0 0 1 -1 1 0 0 0 -1 1 
C 0 0 -1 1 -1 0 0 0 1 -1 1 0 0 0 -1 1 -1 0 0 0 1 -1 1 0 
 
Figure 13 Double-layer MMF of each phase of 24 slots and 28 poles 
With the matrix of MMF, the Fourier analysis is implemented to get the amplitude and phase 
angles of each harmonic. The analysis starts with Figure 11 and Figure 13. The slot numbers are 
transferred into mechanical radian as the x-axis. The amplitudes of MMF are multiplied by the 
phase current and turns per coil. Following equations are utilized during Fourier analysis, 
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The amplitude of each harmonic is expressed as 
   √  
    
  (1.7) 
The phase angle of each harmonic is expressed as 
         
  
  
  (1.8) 
For the harmonic analysis of all three phases, the amplitude and phase angle are calculated from 
those of each phase as 
      √                                (1.9) 
            
           
           
  (1.10) 
Figure 14 shows the MMF harmonics of single-layer winding for 24 slots and 28 poles. Figure 15 
shows the compass of MMF harmonics of three phases. 
 
Figure 14 MMF harmonics of phase 1, phase2 and all the phases for 24 slots and 28 poles (left: single-layer 
winding; right: double-layer winding) 
After the winding layout is configured, winding factor is calculated by 
            (1.11) 
Where, 
   , is distribution factor of the  -th harmonic, 
   , is the pitch factor of the  -th harmonic. 
The distribution factor of double-layer FSCW can be calculated from the slot-star. It is defined as 
vector sum over arithmetic sum of spokes in slot-star. 
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Figure 15 Compass of MMF harmonics of three phases for 24 slots and 28 poles (left: single-layer winding; right: 
double-layer winding) 
While, the pitch factor is independent from slot-star and computed by 
         
     
  
  (1.12) 
Where, 
  , is the harmonic order,  
  , is the slot number, 
  , is the coil throw. 
The computing results of 24 slots 28 poles for both the single-layer winding and the double-layer 
winding are presented in Figure 16. 
 
Figure 16 Winding factors for 24 slots and 28 poles (left: single-layer winding; right: double-layer winding) 
Table 4 lists all the possible combinations of slot and pole number until 48 slots and 40 poles. 
The combinations with 2/5 and 2/7 slot/pole/phase are suggested to be better candidates [25] 
marked with light dark color. The column of Qs/t and Qs/(2t) will help to illustrate the orders of 
harmonics contained in MMF as presented in Table 5. The column of fundamental winding factor 
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is for single-layer winding. The column of LCM(2p,Qs) lists the index of cogging torque, where 
higher value generally indicates higher amplitude of cogging torque. 
Table 4 Combinations of slots and poles 
p Qs q=Qs/(2pm) t=GCD(p,Qs) Qs/t Qs/(2t)     LCM(2p,Qs) 
6 18 1/2 6 3 1.5 0.866 36 
8 12 1/4 4 3 1.5 0.866 48 
8 18 3/8 2 9 4.5 0.945 144 
8 24 1/2 8 3 1.5 0.866 48 
8 30 5/8 2 15 7.5 0.711 240 
8 36 3/4 4 9 4.5 0.617 144 
10 18 2/7 2 9 4.5 0.945 180 
10 24 2/5 2 12 6.0 0.966 120 
10 30 1/2 10 3 1.5 0.866 60 
10 36 3/5 2 18 9.0 0.735 180 
10 42 2/3 2 21 10.5 0.650 420 
10 48 4/5 2 24 12.0 0.588 240 
12 18 1/4 6 3 1.5 0.866 72 
12 36 1/2 12 3 1.5 0.866 72 
14 24 2/7 2 12 6.0 0.966 168 
14 30 1/3 2 15 7.5 0.951 420 
14 36 3/7 2 18 9.0 0.902 252 
14 42 1/2 14 3 1.5 0.866 84 
14 48 4/7 2 24 12.0 0.766 336 
16 24 1/4 8 3 1.5 0.866 96 
16 30 1/3 2 15 7.5 0.951 480 
16 36 3/8 4 9 4.5 0.945 288 
16 42 4/9 2 21 10.5 0.890 672 
16 48 1/2 16 3 1.5 0.866 96 
21 36 2/7 3 12 6.0 0.966 252 
20 48 2/5 4 12 6.0 0.966 240 
Table 5 Characteristics of different combinations of slots and poles 
 Qs/t even Qs/t odd 
Double layer 
Harmonics: (2n-1)t 
Mutual inductance M=0 when       
Harmonics: nt 
     
Transfer double-layer to single-layer (Qs even,    odd) 
Single layer 
   increases 
Harmonics: (2n-1)t 
M=0 when      
   unchanged 
Harmonics: nt 
     
only if t is even 
   unchanged 
Harmonics: nt/2 
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1.2 Stator design 
Stator design includes electrical design and slot geometrical design. The requested torque 
specifies the phase current and the number of turns per coil and the current density is checked 
further. 
1.2.1 Phase current 
The average electromagnetic torque is calculated from the main components of airgap flux 
density and linear current density [39], [40]. 
         
 
 
   ̂   ̂ 
      (1.13) 
Where, 
   ̂, is the fundamental harmonic of the electric loading, 
D, is the outer diameter of stator, 
    , is the length of lamination, 
   ̂, is the peak value of fundamental harmonic of air gap flux density. 
    ̂  
 
 
     (    ) (1.14) 
Where, 
    , is the mechanical permanent magnet cover angle of one pole. 
  , is the peak value of airgap flux density as shown in Figure 17. 
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Figure 17 Airgap flux density 
Thus if         is the requested design torque, 
    ̂  
       
 
    ̂ 
     
 (1.15) 
The corresponding fundamental phase peak current is 
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   ̂  
       
 (1.16) 
Where, 
   , is the fundamental winding factor, 
   , is the number of series turns per phase. 
The slot current is given by 
  ̂     
 ̂    
     
 (1.17) 
Furthermore, the rms value of the slot current density can be expressed as 
   
 ̂    
√    
 
 ̂    
√         
 (1.18) 
1.2.2 Slot dimensions 
Assuming knowing the peak flux density in airgap, stator tooth and yoke, stator outer diameter 
and inner diameter, the slot dimensions can be specified as following [41–43]. 
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Figure 18 Slot dimensions 
The stator yoke thickness is given by 
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 (1.19) 
Where, 
  , is the peak open-circuit airgap flux density, 
D, is the surface diameter of stator, 
   , is the peak flux density in stator yoke, 
p, is the number of pole pairs, 
   , is the lamination stacking factor. 
The tooth height 
     
    
 
     (1.20) 
Where, 
  , is the inner diameter of stator. 
For factional-slot single-layer concentrated winding, some winding design can exhibit higher 
torque capability and lower torque ripple with unequal tooth widths [44]. The coils are wound on 
alternate teeth, which are wider than the unwound teeth as shown in Figure 19. The width of the 
wider teeth is almost equal to the pole pitch for maximizing the flux linkage. 
wt2 wt1
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Figure 19 Unequal tooth width 
The wider tooth width is given by 
     
    
      
 
    
 (1.21) 
Where, 
    , is the peak flux density in wider tooth, 
  , is the slot number, 
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  , is the ratio of    to   ,           
Therefore, the flux density in narrower tooth is 
      
    
  
 (1.22) 
Neglecting the tooth tip, the slot area results 
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(1.23) 
The total copper cross sectional area within the slot is given by  
                (1.24) 
Where,       is the slot fill factor. 
The length of two stator end-windings can be approximated as 
     
 
 
  
     
 
   
          (1.25) 
Where, 
   , is the width of stator tooth, 
 , is coil span, 
  
 , is expressed as 
   
  
        
  
 (1.26) 
For the unequal-tooth-width windings with coil span    , the length of two stator end-windings 
can be expressed as 
     
 
 
  
     
 
 (1.27) 
Thus, the total copper volume can be calculated by 
                    (1.28) 
The volume of the stator teeth is 
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For unequal-width stator tooth the volume is 
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The volume of the stator yoke is given by 
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  (1.32) 
1.3 Rotor design 
The dimensions of magnet and rotor are specified in this section. The value of permanent magnet 
remanence is influenced by its working temperature. 
    (  
          
   
)(  
  
   
)     (1.33) 
Where, 
  , is the working temperature of permanent magnet, 
   , is the temperature coefficient, 
  , is the temperature coefficient. 
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Figure 20 Magnetic circuit for one pole of SPM motor 
According to the magnetic open circuit for one pole as shown in Figure 20, 
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Where, 
 
    
      
  
 (1.37) 
Therefore,  
       
   
     
(     ) (1.38) 
Considering the airgap reluctance   , the airgap flux is expressed as 
    
    
           
   
 
              
   (1.39) 
Where, 
    
  
    
 (1.40) 
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The Carter coefficient is,  
 
   
  
      
  
       
   
   
 
(1.42) 
Where, 
  , is slot opening, 
 , is thickness of airgap, 
  , is slot pitch,    
  
  
. 
If the flux leakage factor is defined as 
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Thus, combining (1.38), (1.39) and (1.43) it can be obtained that 
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Given that        ,        , 
    
    
           
  
  
   (1.46) 
Where, 
       
        
  
 (1.47) 
  , is the magnet-arc to pole-arc ratio. 
According to the reference [45], the magnet-arc to pole-arc ratio can be specified as 
    
     
  
              (1.48) 
Where,   (          )   .  
In practice, due to fringing of magnet flux into the slots, the optimum of magnet-arc ratio should 
be increased slightly by a small factor   , 
    
     
  
                 (1.49) 
Where, 
    , is usually the preferred value, 
            . 
The rotor yoke thickness is given by 
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 (1.50) 
Where, 
   , is the peak flux density in rotor yoke. 
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CHAPTER II 
 
EXTERNAL-ROTOR SURFACE PERMANENT MAGNET MOTOR ANALYSIS 
For in-wheel application on electric vehicle, the evaluation of SPM motor efficiency is important. 
Different motor designs could exhibit different efficiency maps. Investigating on design factors 
influencing motor’s efficiency map, this chapter starts the SPM motor analysis with four main 
parts. First, basic analyses are implemented like the calculation of magnetic field and phase 
inductance [46]. Second, control strategies are discussed in order to calculate motor performance 
like torque-speed characteristic. Third, three main kinds of losses are calculated analytically. The 
results are compared and used to evaluate efficiency of each working point on the efficiency map. 
Finally, the impact of losses distribution on efficiency map is illustrated, which discloses the 
reason of the location of the maximum efficiency point on efficiency map. Equations of loss 
balance are presented. It is expected that the location of the maximum efficiency point on 
efficiency map could be predicted. 
2.1 Magnetic field of outer-rotor SPM 
2.1.1 Calculation of open-circuit magnetic field 
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Figure 21 SPM motor cross section 
The magnetic field generated by the magnet is calculated at first without considering slot effect. 
The permeance of lamination is assumed to be infinite to ignore the saturation. From [47], the 
relations between B and H are 
         (2.1) 
in the airgap, where the value of airgap permeance is 1 and  
               (2.2) 
in the permanent magnet. M is the residual magnetization vector.         is the recoil 
permeability, where    is the relative recoil permeability. 
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In terms of the scalar magnetic potential   
       (2.3) 
Where, 
        (2.4) 
in the airgap and 
       
    
  
 (2.5) 
in the permanent magnet. 
The magnetization vector M is given by 
           (2.6) 
Where 
    ∑           
 
        
 (2.7) 
      (2.8) 
p is the number of pole pairs,   is the angle with reference to d-axis as shown in Figure 22. 
Axis of phase A
A
A’
d-axis of magnet
Any angular position for calculation 
Θ0
wm*tαm
Θ
α
Θ is the mec. angular position refered to the rotor axis
α is the mec.angular position refered to the axis of phase A 
Θ0 is an initial mec. angle depending on the commutation angle
wm is the mec.angular velocity 
 
Figure 22 Indication of angular position 
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   is given by 
    
     
  
    
    
  
    
 
 (2.9) 
Where, 
  , is the magnet pole-arc to pole-pitch ratio, 
  , is the remanence. 
Therefore 
      
  
 
 
   
  
 
 
 
   
  
 
  
 
 (2.10) 
Thus, according to Laplace’s equation (2.4) in the airgap, quasi-Poissonian equation (2.5) in the 
permanent magnet and the boundary conditions as following,  
         |       (2.11) 
          |       (2.12) 
         |              |     (2.13) 
         |              |     (2.14) 
   and     can be solved. Knowing (2.3) and (2.6) replacing   and    in (2.1) and (2.2), flux 
density in magnets and airgap can be calculated. 
Therefore, for the external rotor motor, the normal component of magnetic field distribution in 
the airgap (       ) when     is 
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(2.15) 
The normal component of magnetic field distribution at the stator surface (    ) for external 
rotor motors when     is 
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(2.16) 
Where     corresponds to the axis of pole N. 
The second step of magnetic field calculation is to consider the slot effect. One method is to 
calculate the relative permeance proposed in [48]. Another way is to calculate the slot correction 
factor proposed in [49]. Here the method of reference [48] is adopted. Because of the existence of 
slotting, the open-circuit magnetic field is modulated as 
     
                    ̃      (2.17) 
where, 
   
   
  
    , is the angle between d-axis and the axis of phase A,  
t is time, s, 
  is the speed, rpm,  
 ̃ is relative permeance, which is given by 
  ̃       ̃     ∑  ̃                 
 
   
  (2.18) 
Where,    is the slot number. When the coil span is an odd multiple of the slot pitch, viz the axis 
of phase A is in line with the center of a stator tooth,     
 
  
 elec.rad. When the coil span is an 
even multiple of the slot pitch, viz the axis of phase A is in line with the center of a stator slot, 
      elec.rad, then     corresponds to the axis of phase A. 
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Where,    is the slot opening,            is the slot pitch. 
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Where   is determined from 
 
  
  
 
 
 
  (
√       
√       
)  
   
  
       
   
  
 
√     
  (2.22) 
      (
   
  
)
 
 (2.23) 
For external rotor motor 
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 , is the length of airgap,    is the thickness of magnet. 
  , is the Carter coefficient, which is approximated by 
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Where, 
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The open-circuit magnetic field of a 24 slots 20 poles SPM motor is calculated and compared 
with FEA results in Figure 24 and Figure 25. The specification of the motor is shown in Table 6. 
The initial position of rotor is shown in Figure 21, where q-axis is in line with the axis of phase A 
when t=0s. In Figure 24 and Figure 25, zero angle represents the location of q-axis.  
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Figure 23 24 slots 20 poles SPM motor 
Table 6 Specification of the SPM motor 
Slots,    24 
Pole pairs, p 10 
Phase number, m 3 
Coil span,   1 
Remnant flux density,    1.11T 
Magnet pole arc,    151.2 elec.deg 
Magnet length,    6mm 
Airgap length,   3mm 
Slot opening,    2mm 
Stator outer radius,    171mm 
Magnet inner radius,    174mm 
Rotor inner radius,    180mm 
Stator tooth width,    16.8mm 
Stator yoke width,     10.3mm 
 
Figure 24 Comparison of airgap magnetic field 
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Figure 25 Comparison of slot surface magnetic field 
2.1.2 Calculation of armature reaction field 
A
B
C
 
Figure 26 Configuration of winding layout 
The input three phase currents are given by [50] 
                  (2.28) 
                 
 
 
    (2.29) 
                 
 
 
   (2.30) 
Where,  
  , is the peak value of current source, 
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p, is the number of pole pairs, 
  , is the mechanical angular velocity, mec.rad/s, 
 , is the current advanced angle, elec.rad. When     the axis of phase A is aligned with the q- 
axis. When       the axis of phase A should be aligned with the d- axis. According to Figure 
22,   
 
 
    . 
The Fourier series expansion of a winding distribution are expressed as 
          ∑             
 
   
 (2.31) 
          ∑             
 
 
  
 
   
 (2.32) 
          ∑             
 
 
  
 
   
 (2.33) 
Where,  
   , is the mechanical angle with reference to slot-opening center of coil-going-out slot of phase 
A. 
     
 
 
      
 
 (2.34) 
   , is the  -th harmonic winding factor, 
   , is the number of series turns per phase, 
D, is the diameter of the stator. 
The linear current density is given by 
 
          ∑                
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(2.35) 
Whose amplitude is defined as 
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 (2.36) 
Therefore, the magnetic field caused by armature reaction is  
             
         
  
  
  
 (2.37) 
Considering slot effect, 
     
             (  
 
   
  )  ̃      (2.38) 
Where  ̃      is the relative permeance in (2.18). 
The same prototype shown in Figure 23 and Table 6 is utilized to calculate the magnetic field of 
armature reaction. The results are compared with those of FEA method. It should be noticed that 
according to the assumptions, the magnet is set as air and the permeance of lamination is infinite 
in FEA method. Three phases are driven by sinusoidal current sources.  
The input parameters are shown in Table 7. The initial position of rotor is shown in Figure 26. 
The axis of phase A is in line with q-axis. Figure 27 shows the comparison of armature reaction 
magnetic field at the initial position. Figure 28 shows the comparison when the rotor rotates by 9 
mec.deg. The impulse ripples of FEA results are possibly caused by the unrefined mesh. 
Table 7 Input parameters 
Speed, rpm 450 rpm 
Peak phase current,    724.45A 
Current advanced angle,   0 elec.rad 
 
 
Figure 27 Comparison of armature reaction magnetic field at the initial position 
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Figure 28 Comparison of armature reaction magnetic field at 9 mec.deg 
2.1.3 Calculation of load magnetic field 
In the proceeding discussion, the permeability of stator and rotor iron is assumed to be infinite. 
The analysis on magnetic field is simplified as a linear problem and the load magnetic field can 
be obtained by superposition of the open-circuit magnetic field and armature reaction magnetic 
field [51], [52]. That is, 
                  
             
         (2.39) 
Where, 
      corresponds to the axis of phase A, 
t is time, s. 
The only problem is to unify the different reference frames when implementing superposition. 
Table 8 shows the different initial angular positions when calculating open-circuit field, armature-
reaction field and relative permeance of slot. 
Table 8 Different reference frames when calculating magnetic field 
 Initial angular position to calculate 
Open-circuit field d-axis 
Armature-reaction field Slot-opening center of coil-going-out slot of phase A 
Relative permeance of slot The axis of phase A 
The input parameters are still the same as in Table 7. The initial position of rotor is shown in 
Figure 26. The axis of phase A is in line with q-axis. Figure 29 shows the comparison of load 
magnetic field at the initial position. Figure 30 shows the comparison when the rotor rotates by 9 
mec.deg. 
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Figure 29 Comparison of load magnetic field at the initial position 
 
Figure 30 Comparison of load magnetic field at 9 mec.deg 
2.1.4 Calculation of magnetic field in stator teeth and yoke 
A
B
C
N
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Figure 31 Motor cross section with teeth numbered 
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According to [49], the tooth flux is given by the integral of the flux density over one slot pitch 
and axial motor length, 
       ∫ ∫                    
  
 
 
  
 
    
 
 
    
 
 (2.40) 
Where, 
    , is the axial length of the motor, 
  , is the slot angular pitch, mec.rad, 
  , is the surface radius of stator, 
t, is time. 
It can be proved that the magnetic field in each stator tooth is the same but is delayed by the slot 
angular pitch. Thus, the flux in the kth tooth is given by 
                          (2.41) 
for k=1,2,…,  . 
Assuming the tooth flux spreads uniformly within the tooth, the tooth flux density can be given 
by 
          
        
          
 (2.42) 
Where,  
   , is the lamination stacking factor,  
    , is the axial motor length,  
   , is the tooth width, 
  , is the electric angular velocity, is equal to    , f is the frequency. 
The same model is used to calculate the magnetic field in stator tooth as shown in Figure 31. The 
stator teeth are numbered. The input parameters are still the same as in Table 7. The initial 
position of rotor is shown in Figure 26. Namely, the axis of phase A is in line with q-axis. The 
comparison of the flux density amplitude in No.1 stator tooth between analytical and FEA results 
is shown in Figure 33. In FEA, three points a, b, c are sampled. Their locations are labeled in 
Figure 31. It demonstrates that the average amplitude of flux density at tooth tip is higher than 
that at tooth center. The amplitude of flux density at tooth bottom is slightly lower than that at 
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tooth center. This is caused by the infinite permeability of stator lamination. Particularly at tooth 
tips, the magnet flux is linked with tooth tips without entering tooth body when No.1 tooth is at 
the center of two magnets gap as shown in Figure 32. In another case, when No.1 tooth is at the 
center of one magnet, the flux density amplitude of point a is a bit lower than that of point b 
because the tooth tip shunts the flux passage. The analytical result is closer to the FEA result at 
point b.  
 
Figure 32 FEA results 
 
Figure 33 Stator tooth flux density variation in No.1 tooth 
Based on the flux calculation of each stator tooth as in (2.41), the flux passing through the stator 
yoke segment between teeth can be calculated. 
 The flux in the stator yoke between tooth No.2 and No.1 is given by the weighted average 
           
 
  
∑                   
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                       (2.44) 
Assuming the flux spreads uniformly across the stator yoke cross section, the yoke flux density 
can be given by 
     
   
         
 (2.45) 
Where     is the stator yoke width.  
The comparison between analytical and FEA results are shown in Figure 34. The amplitude of 
yoke flux density in the first yoke segment between No.2 tooth and No.1 tooth as well as in the 
second yoke segment between No.3 tooth and No.2 tooth is calculated. It indicates that the flux 
density distribution of stator yoke is different from that of stator tooth, which repeats the same 
shape in every tooth but one slot pitch delayed. The shape of stator yoke flux density repeats in 
every other yoke segment and has two different amplitudes. 
 
Figure 34 Stator yoke flux density variation in the first and second segments of stator yoke 
2.2 Phase inductance calculation 
The phase inductance of SPM motor is composed of three components: airgap inductance, 
slot-leakage inductance and end-turn inductance [53]. 
                   (2.46) 
Where, 
  , is the airgap inductance, 
     , is the slot-leakage inductance, 
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    , is the end-turn inductance. 
2.2.1 Calculation of air gap inductance 
The armature reaction flux density in the air gap is given by 
     
    
  
 (2.47) 
Where, 
        
     , 
N, is the number of turns in the coil, 
I , is the input phase current, 
The equivalent air gap length is given by 
        
  
  
 (2.48) 
Where,  
  , is the thickness of magnet, 
  , is the relative recoil permeability of magnet. 
 , is the actual airgap length modified for slotting by Carter’s coefficient   . An approximation 
for    suitable for surface magnet motors is 
    
   
    
   
 
 (2.49) 
   
   
 
 (2.50) 
   
       
 
 (2.51) 
Where, 
   , is the slot opening as shown in Figure 18, 
  , is magnet inner radius for outer-rotor motor, 
  , is slot number. 
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For equal-width tooth, the flux linkage of the coils in one phase is 
         
    
  
     (2.52) 
Where,   is the number of series coils in one phase. 
Thus, the airgap inductance is calculated as 
       
 
          
    
 (2.53) 
For unequal-width tooth, the slot pitch is nearly equal to pole pitch, thus, 
     
    
  
 (2.54) 
Therefore, the flux linkage of the coils in one phase is  
                       (2.55) 
The airgap inductance is  
       
 
      
  
 
    
  
      (2.56) 
2.2.2 Calculation of slot-leakage inductance 
The slot-leakage inductance is calculated from slot dimensions as presented in Figure 18. 
           
  
        
    
 
        
           
 
         
   
  (2.57) 
2.2.3 Calculation of end-turn inductance 
For outer rotor motor, 
            
        
  
   
 
   
       
  
√
 
   
  (2.58) 
Where,     is the coil area in one slot. 
During motor design procedure, when considering flux-weakening ability as well as fault-
tolerant ability, which will be discussed in the next section, the expected phase inductance is 
sometimes required bigger than the value given by 
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 (2.59) 
Where, 
  , is the rms value of maximum phase current, A, 
    , is the rms value of fundamental magnet flux linkage, V-s (rms). 
For example, assuming 
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√ 
          
Then the expected phase inductance is 
   
    
  
          
Thus, by adjusting relative slot dimensions and motor dimensions the expected phase 
inductance can be reached. 
2.3 Torque-speed characteristic 
With the help of d-q theory, the phasor diagram illustrating the fundamental principle of 
operating salient-pole machine is drawn in Figure 35. For SPM motor,  
           (2.60) 
where,    and    are the d, q inductances. As for embedded internal permanent magnet motor 
(IPM), d and q inductances are not the same. SPM and IPM drives have some similarities. [54], 
[55] made a comparison between SPM and IPM drives for electric vehicle. 
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Figure 35 Phasor diagram 
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Corresponding to Figure 35, the relations can be obtained as following, 
Voltage equations: 
    
   
  
         (2.61) 
    
   
  
         (2.62) 
Flux-linkage equations: 
              (2.63) 
         (2.64) 
The time-average torque and power equations: 
      (         )                         (2.65) 
                  (2.66) 
Current equations: 
   
    
     (2.67) 
           (2.68) 
          (2.69) 
Furthermore, 
                  
                  (2.70) 
Where, 
  , is the electromagnetic torque, 
 , is the phase number, 
p, is the number of pole pairs, 
  , and   are the d, q components of flux linkage, 
I , is rms value of input phase current, 
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   and    are the d, q components of current,     , 
 , is the current advanced angle, 
    , is the rms fundamental flux linkage due to the magnet, 
                 
      
√ 
   ̂     
 
       (2.71) 
Without considering resistance and losses the voltage phasor is given by 
                                        (2.72) 
Namely, 
    
    
  
 
         
  
 (2.73) 
     
  
  
 
       
  
 (2.74) 
Thus, 
 
      
          
    
  (2.75) 
or 
  √                        (2.76) 
Where, 
 , is equal to    , 
   and    are the d, q components of voltage vector, 
  
    
    
  (2.77) 
  , is the voltage limit, 
   and    are the d, q reactances, 
        (2.78) 
        (2.79) 
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  , is the angle between voltage vector and q-axis. 
From the equations of (2.67) and (2.75), the current limit and voltage limit circles can be 
drawn to calculate the curve of torque-speed characteristic. Defining short-circuit current as 
     
    
  
 
 
  
 (2.80) 
Where,  
 , is the back EMF value, 
   
    
 
 (2.81) 
Depending on the location of voltage circle center, two situations are discussed separately [56]. 
When the short-circuit current     is bigger than the current limit   , then the voltage circle center 
is outside the current limit circle. And when the short-circuit current     is smaller than the 
current limit   , then the voltage circle center is inside the current limit circle. 
2.3.1 In the case of        
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Figure 36 Current limit circle and voltage limit circle 
Figure 36 shows the voltage limit circles at four various speed. With speed increasing, the 
voltage limit circle will shrink. When the voltage circle passing by point Q, the speed is base 
speed. It means that, higher than this speed, the electromagnetic torque will not be maintained by 
the certain input voltage, the current is advanced to q-axis, current advanced angle appears, and 
torque decreases.  When voltage circle passing by point D, the theoretical maximum operating 
speed is approached. By solving the equation group of voltage limit circle and current limit circle, 
the base speed as in (2.82), current advanced angle as in (2.83) and theoretical maximum speed as 
in (2.84) can be obtained. 
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(2.82) 
      
  
    
   
    
       
 (2.83) 
      
  
         
 (2.84) 
In order to simplify the problem, variables are often normalized. The base values are chosen as 
following, 
           
    
  
 (2.85) 
              (2.86) 
    
  
  
      (2.87) 
       (2.88) 
         (2.89) 
           (2.90) 
Where,    is the base electrical angular velocity. 
Therefore, the normalized forms of equations are 
   
 
  
 (2.91) 
    
  
  
   (2.92) 
    
  
  
    (2.93) 
    
  
  
 (2.94) 
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   (2.95) 
    
  
  
       (2.96) 
    
  
  
         (2.97) 
   
  
  
                     (2.98) 
Where,   is the salience ratio, 
   
  
  
 (2.99) 
For SPM motor, 
     (2.100) 
With normalized format, the input current and output torque can be calculated at different 
operating points.  When the speed is less than or equal to the base speed, viz at the operating 
point above Q along the q-axis or at Q, the input current and output torque are 
      (2.101) 
        (2.102) 
The limit voltage    required at    is, namely when     at which speed      can be 
maintained, 
    
  
√  
   
   (2.103) 
    √  
    (2.104) 
When the speed is bigger than base speed, like at the operating point of P, 
          (2.105) 
     
        
  
   
  
    (2.106) 
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            (2.107) 
           (2.108) 
The current advanced angle to get the maximum output torque can be deduced, 
      
    
    
   
 (2.109) 
Which indicates for a certain   there exists the maximum torque   when the current limit is 
reached. That is 
      
 
 
√   
       
       (2.110) 
At operating point of D, when the theoretical maximum speed is approached, 
        (2.111) 
        (2.112) 
      
  
    
 (2.113) 
2.3.2 In the case of        
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Figure 37 Current limit circle and voltage limit circle 
When the short-circuit current is less than the limit current, the voltage circle center is inside 
the current limit circle as shown in Figure 37. In this case, another operating point F appears to 
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implement maximum torque per voltage (MTPV) control in the high-speed region. When the 
speed is less than the speed at the operating point F, the input current and output torque are the 
same like the discussion in previous section. When the speed gets into the high-speed region, 
meaning the voltage circle passing by the point F, the operation trajectory starts along the line F-
C. In addition, the theoretical maximum speed is infinite. 
At the operating point F, it is easy to get 
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  (2.114) 
Thus, it can be deduced that 
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(2.115) 
The normalized format is 
    
  
√  
   
 (2.116) 
Along the operation trajectory F-C, namely when      
   √(
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 (2.117) 
      
 
  
 (2.118) 
The normalized format is 
   √(
  
 
)
 
   √     (2.119) 
      
 
  
 (2.120) 
In conclusion, based on the aforementioned discussion, for different regions of motor speed, 
the requested input current and the calculated output torque are summarized in Table 9 with 
normalized form. 
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Table 9 Input current and output torque in normalized form 
 
Above Q and at Q 
Constant-torque region 
MTPA control 
Q-F 
Flux-weakening region 
FW control 
F-C 
Maximum output power control 
MTPV control 
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Following is an example to analyze the torque-speed characteristic of an external-rotor SPM 
motor. The input parameters are shown in Table 10. From the output it can be seen the requested 
phase rms voltage which can maintain the torque 119Nm at 667 rpm is 29.2V. The short circuit 
current is less than the maximum phase current meaning the voltage limit center is inside the 
current limit center. There will be three speed regions including constant-torque region, flux-
weakening region and maximum-output-power region. The speed at the operating point F as 
shown in Figure 37 Current limit circle and voltage limit circleFigure 37 is 1251rpm. Figure 38 
compares the torque-speed profile of      control and flux-weakening control. Figure 39 shows 
the variation of input current versus speed. From the curve of   , the three speed regions can be 
observed. Figure 40 shows the increasing of current advanced angle and Figure 41 shows the 
variation of power factor. 
Table 10 Input parameters 
Phase number, m 3 
Pole pairs, p 10 
Slot number,    24 
Stator outer diameter, D 282 mm 
Lamination length,      30 mm 
Airgap peak flux density,    0.863 T 
Magnet pole arc,    160 elec.deg 
Turns per coil,   10 
Base speed at point Q, nN 667 
Maximum peak current,     224.29 A 
d-axis inductance,    0.211 mH 
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Table 11 Output parameters 
Phase rms voltage,    29.2 V 
Short-circuit peak current,     167.48 A 
Ratio of     to    , i 1.34 
Speed at point F of FW control 1251 
Maximum speed of      control 1114 
 
 
Figure 38 Torque-speed characteristic 
 
Figure 39 Input current versus speed 
 
Figure 40 Current advanced angle 
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Figure 41 Power factor 
2.4 Control strategy 
In last section, the maximum possible electromagnetic torque is calculated at a certain speed. 
However, when the requested load torque is lower than the maximum torque at a certain speed, 
what is the reference value of input current and the current advanced angle? This problem will be 
discussed in this section. 
2.4.1 Constant torque-angle control  
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Figure 42 Constant torque-angle control 
The current vector is always in line with q-axis. The advanced current angle is zero and the 
normalized value of current is equal to that of the requested torque. 
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     (2.123) 
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With speed increasing, the operating trajectory goes along Q-O, the torque will decrease to 0 
until the point O is reached. Then the maximum speed is 
         (2.124) 
2.4.2 Direct flux-weakening control 
In this control strategy, the value of    reference is only decided by the speed  .    has a fixed 
value for a certain speed. However, the value of    will change with the torque request [57]. 
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Figure 43 Direct flux-weakening control 
From point Q to F, for a certain speed  , the value of    is fixed. That is 
             
    
    
   
 
    
    
 
 (2.125) 
where, 
   
  
 
 (2.126) 
From F to C, the value of    is 
         (2.127) 
In both sections, the value of    is always equal to  , 
      (2.128) 
2.4.3 Indirect flux-weakening control 
In this flux-weakening control strategy, the value of    reference is decided not only by the 
speed   but also by the torque request  . Although    will also change with torque request and 
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both the values of   ,    are coupled with torque, the value of   is always fixed for a certain 
speed. Taking advantage of this point, the d, q components of current can be solved. 
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Figure 44 Indirect flux-weakening control 
From K to C,  
      (2.129) 
Because, 
   
        
  
   
  
    (2.130) 
Then, 
    √        (2.131) 
To summarize, Table 12 lists the requested input current of different control strategies based 
on the normalized value of requested torque. 
Table 12 Requested input current of different control strategies 
        
Constant toque-angle control 0   
Direct FW control 
From Q to F: 
   
    
    
 
 
From F to C: 
      
  
Indirect FW control 
From Q to C: 
   √        
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2.5 Losses calculation 
Three main losses are taken into account: stator copper loss, stator core loss and rotor magnet 
loss. 
2.5.1 Copper loss 
The copper loss is given by  
              
  (2.132) 
where     is the copper electric resistivity,       is the volume of copper. 
From the section of 1.2.2, the copper loss is 
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 (2.133) 
Where,  
   , is the copper electrical resistivity,    ,  
   , is the end-winding length, m, 
   , is the fundamental winding factor.  
Because     is proportional to phase current   , it is obvious copper loss is proportional to   
 . 
Besides, it points out that the combination of slot and pole numbers influence the value of copper 
loss through winding factor. Figure 45 is an example of copper loss calculation. Starting from the 
input shown in Table 13, it shows the impact on copper loss by different combinations of slots 
and poles [58]. This could be a reference to select reasonable slot and pole numbers when there is 
definite requirement on copper losses during motor design. 
Table 13 Input parameters for copper loss comparison 
D 282mm 
   180mm 
     30mm 
      45% 
    0.98 
   0.863 T 
    1.391 T 
    1.5 T 
    1.72e-8     
    7.34e4 A/m 
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Figure 45 Copper loss of different combinations of slot and pole 
2.5.2 Iron loss 
Stator core loss is divided into tooth core loss and yoke core loss. Each core loss is the sum of 
hysteresis loss and induced eddy current loss. There are four methods to calculate iron loss [59], 
[60]. 
2.5.2.1 Modified Steinmetz equation 
The first one is Modified Steinmetz equation [61–63]. Assuming trapezoidal transition within 
the tooth and ignored fringing effect, the specific tooth core loss (W/kg) is calculated.  
When tooth electric angle            , 
              
      
 
 
    
   
   
 (2.134) 
When            , 
              
      
 
 
    
   
   
   
       
   
  (2.135) 
Where, 
 f, is the frequency, Hz, 
  , a, b are hysteresis loss coefficients, 
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   is the eddy loss coefficient. They could be extracted from the manufacture data of lamination 
[64]. 
For the yoke part, the specific core loss is 
    (  )       
      
 
 
    
   
     
 (2.136) 
2.5.2.2 Based on the stator magnetic field 
In the section of 2.1.4, the waveforms of flux density in stator tooth and yoke have been 
investigated over one revolution of the rotor. Based on the waveforms, the looses in stator tooth 
and yoke are determined by 
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(2.138) 
Where, 
     , is the volume of stator tooth as calculated in the section of 1.2.2, 
      , is the volume of stator yoke as calculated in the section of 1.2.2, 
   , is the mass density of stator lamination,     
 , 
   and    are the waveforms of flux density in stator tooth and yoke as discussed in 2.1.4, 
  , is the hysteresis loss coefficient,     
    , 
  , is the eddy current loss coefficient, which is equal to    
     , 
 , is the electrical conductivity of lamination, S/m, 
 , is the thickness of lamination, m, 
    , is the additional loss coefficient,      
          , 
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   , is the lamination factor. 
  ,    and      are the coefficients which can be extracted from the manufacture datasheet of 
the lamination. 
2.5.2.3 Iron losses calculation in FEA 
Core loss is also calculated in FLUX 2D to make a comparison, where Bertotti’s theory is 
adopted. 
                 
   
     
 
     
           
 
        (2.139) 
Where,  
   , is the specific core loss, W/kg 
  , is the peak value of flux density, T.  
Finally, the stator core loss is expressed as 
       (                (  )     ) (2.140) 
2.5.2.4 Equivalent circuit with iron losses resistance 
The second method is to use equivalent circuit of PM motors considering iron losses [65], [66]. 
The calculation of iron loss is based on no-load iron loss. From the equations of (2.61), (2.62), 
(2.63) and (2.64), it can be deduced that 
    
   
  
           (2.141) 
    
   
  
                 (2.142) 
When considering iron loss resistance, the equivalent circuits are drawn in Figure 46 and 
Figure 47. 
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Figure 46 d-axis equivalent circuit 
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Figure 47 d-axis equivalent circuit 
Therefore, neglecting the stator resistance, the iron losses are given by 
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  (2.143) 
The iron loss resistance is composed by three components in parallel: hysteresis losses, eddy 
current losses and excess losses. Defining the no-load base-speed iron loss resistance as    , its 
three components     ,      and        can be obtained by 
      
     
 
        
 (2.144) 
      
     
 
         
 (2.145) 
        
     
 
        
 (2.146) 
Where, 
     , is the rated input phase rms voltage, 
        , is the no-load hysteresis losses at base speed, 
         , is the no-load eddy current losses at base speed, 
        , is the excess losses at base speed. 
The iron losses resistances    ,     and       at other speed can be derived as 
          
 
  
  (2.147) 
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          (2.148) 
             (
 
  
)
   
 (2.149) 
Where, 
 , is the electrical angular speed, 
  , is the electrical angular base speed. 
2.5.2.5 Comparison of the iron loss calculation methods 
To compare the iron loss results calculated by these four methods, one 10-pole-pair 24-slot SPM 
motor is analyzed. The effect of flux weakening in high speed region is also considered [67], [68]. 
The specification of the prototype is listed in Table 14. The constant torque region could be 
maintained from 0rpm to 667rpm under the rms phase voltage of 29.2V. From 667rpm, the 
operation of motor enters flux-weakening region until 1252rpm. After 1252rpm, the MTPV 
control starts and the current amplitude begins to decrease. The geometry and winding layout of 
the motor are shown in Figure 48. According to the discussion of 2.1 and from 2.5.2.1 to 2.5.2.4, 
iron losses are calculated with four different methods. The imposed current and speed as well as 
result comparison are shown in Table 15 and Figure 49. Theoretically, the result of FEM is the 
most accurate prediction because it takes the saturation of the operating motor into account, 
which other three methods do not. 
From the results, it can be observed that, first, the method of Modified Steinmetz is the simplest 
way of calculation. It does not need the information of motor geometry and is suitable to roughly 
predict the iron losses during preliminary design procedure. However, it considers flux-
weakening effect within very limit extent. After base speed, a big error is observed compared 
with FEM results. 
The method of magnetic field needs to know the motor dimensions. Thus it can be used as 
analytical way of motor analysis. The algorithm considers flux-weakening effect as shown in 
Figure 50, which can also be observed from Figure 49 after base speed. The drawbacks of this 
method are the assumptions of ignoring saturation and infinite permeability of laminations.  
The finite element method is the most complicated and time-consuming method, it provides the 
most accurate result. However, the iron losses result can only be obtained in the step of post-
process, not real time. It means after the rotor rotating for one revolution the iron losses can be 
calculated with the waveform of flux density in stator. Therefore, it can be used as more accurate 
analysis to validate motor design and performance.  
The method of equivalent circuit is also proposed in some papers. But the results indicate this 
method is lack of accuracy especially in flux-weakening region as labeled with dash in Figure 49. 
The no-load iron loss resistance can be calculated in FEM. Then the iron loss under load at other 
speed are predicted as shown in Table 16 and Table 17. This method could be suitable for co-
simulation between FLUX 2D and other motor drive software like Portunus or Matlab/Simulink.  
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Figure 48 Drawing of a SPM motor 
Table 14 Specification of a SPM motor 
Pole pairs, p 10 
Slot number,    24 
Phase number, m 3 
Lamination M1924 
Magnet NdFeB 
Air gap, g (mm) 1 
Base speed, nN 667 
Magnet arc,   (elec.deg) 160 
Winding factor,    0.966 
Inner diameter of stator,    (mm) 180 
Out diameter of stator, D (mm) 282 
Outermost diameter,      (mm) 360 
Length of lamination,      (mm) 30 
Remanence,    (T) 1.12 
Thickness of magnet,    (mm) 4.3 
Slot opening,    (mm) 3 
Turn-over speed (rpm) 667 
Critical speed (rpm) 1252 
Phase voltage (V.rms) 29.2 
Table 15 Stator iron losses calculated by four different methods (W) 
Speed 111 rpm 333 rpm 667 rpm 1000 rpm 1500 rpm 
   (A) 224.29 224.29 224.29 224.29 188.44 
Current advanced angle   (Elec.deg) 0 0 0 35.38 53.38 
Modified Steinmetz equation 6.05 27.49 83.15 155.38 314.68 
Magnetic field 4.54 21.56 67.08 105.26 193.85 
FEM 7.68 32.24 92.36 132 226.56 
Equivalent circuit 8.50 32.31 84.25 71.62 51 
B-
A+
A-
B+
C+
C-
Do
Di
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Figure 49 Comparison of iron losses calculated by four different methods 
 
Figure 50 Airgap flux density under flux-weakening operation 
Table 16 No-load iron losses at 667rpm 
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Table 17 Equivalent iron loss resistances at different speeds 
 111 333 667 1000 1500 
    3.461 10.382 (    ) 20.796 31.179 46.768 
    25.062 25.062 (    ) 25.062 25.062 25.062 
      54.419 94.256 (      ) 133.398 163.337 200.046 
   2.880 6.811 (   ) 10.473 12.805 15.087 
When the motor is running in real condition, the motor losses and efficiency are able to be 
calculated in real time. Comparing aforementioned four methods of calculating iron losses, Table 
18 lists their pros and cons. 
Table 18 Comparison of iron losses calculation 
 Modified Steinmetz Magnetic field FEM Equivalent circuit 
Accuracy Medium Better Best Worse 
Complexity Easy Medium Complicated Complicated 
Application Motor design Analytical analysis FEM analysis Co-simulation 
2.5.3 Magnet loss 
There are several models to calculate rotor loss in permanent magnet motor [52], [69–79]. For 3-
phase motor, the stator winding is considered as an equivalent current sheet, the linear current 
density is expressed to the rotor reference frame. 
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 ∑                                    
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(2.150) 
Where,     is the linear current density for each harmonic,  
                     (2.151) 
   , is the winding factor for each harmonic,     is the series turns per phase,    is the phase 
current which could be obtained from    , 
  , is the fundamental pole pairs of stator winding,  
  , is rotor mechanical angular velocity.  
Thus, the rotor magnet loss can be calculated as following, the detail equations of     and     are 
reported in [18], 
            ∑         
 
   
 (2.152) 
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In which, 
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Where,     is the mechanical pole arc of the magnet. When        , the ‘ ’ in     and 
    are taken as ‘-’, else when        , the ‘ ’ in     and     are taken as ‘+’. k is an 
arbitrary integer number,    is 1 or -1 depending on the winding configuration. 
From equation (2.152), it indicates rotor magnet loss is proportional to   
  (or the square of 
motor rotating speed) and   
 . Although this conclusion is not perfectly right especially at very 
high speed [14], for the in-wheel motor it fits the FEA results very well at low speed. 
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2.6 Efficiency map evaluation and loss balance 
As for the application of in-wheel electric vehicle, it is important to evaluate motor’s efficiency 
map. The efficiency map could help to estimate the global efficiency of electric vehicle. Be aware 
of the importance of efficiency map, motor designer can also take necessary measures to optimize 
the motor design, which will be discussed in the following chapter. 
A typical analytically calculated SPM motor efficiency map is as shown in Figure 51. The figure 
on the left is torque-speed efficiency map, the right one is power-speed efficiency map. To 
evaluate SPM motor efficiency map, the efficiency map is discretized as Figure 52. First, motor’s 
torque-speed characteristic is calculated. The maximum torque, continuous torque, base speed, 
turn-over speed (the critical speed between flux-weakening region and MTPV region) and 
maximum speed are calculated with knowing the maximum current, the maximum voltage and 
the phase inductance. On each working point, according to motor control strategy, different input 
currents and voltages are calculated. With these input electric parameters as well as motor 
geometrical dimensions, three main losses (Copper loss, iron loss and magnet loss) of electric 
motor can be calculated. Furthermore, the efficiency of each working point is obtained to 
generate the whole efficiency map. 
 
Figure 51 An example of SPM efficiency map 
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Figure 52 Discretized efficiency map 
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The flow chart of evaluating motor’s efficiency map is shown in Figure 53. It can be seen the 
necessary inputs are the motor dimensions, voltage and current limits, phase inductance. The 
analytical algorithms discussed in 2.5.1, 2.5.2 and 2.5.3 are implemented to calculate losses and 
efficiency. As mentioned in 2.4.2, the algorithm of direct flux-weakening control is adopted to 
calculate input current of each working point. It also should be noted that the torque and power 
calculated here are electromagnetic torque and electromagnetic power. Thus, ignoring other kinds 
of losses, the efficiency of one working point is defined as, 
    
            
    
 
Where,  
  , is electromagnetic torque, 
    , is the electromagnetic power   . 
 Motor dimensions 
(1.2, 1.3)
Tq(m) and speed(n)
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Figure 53 Flow chart of the efficiency map evaluation 
For SPM motor, the location of the maximum efficiency area usually takes place within the 
constant-torque region on the efficiency map. As shown in Figure 51, the maximum efficiency 
point is in the region of low speed low torque. In order to predict the location of the maximum 
efficiency point, two formulas describing losses balance are proposed. From the view of losses 
distribution, the formulas explain why the maximum efficiency point appears at a particular 
region and whether it is possible to design a motor with a pre-required maximum efficiency point. 
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For the operating points at the same speed, like the point B, A, C shown in Figure 52, the loss 
ratio can be calculated as 
 
     
  
  
            
           
 
            
 
    
            
 
           
         
    
(2.157) 
Where,  
        , is the core loss,  
      
     , is the copper loss, 
        
      , is the magnet loss, which is the function of    
 , 
         , is the electromagnetic torque,  
n, is the motor speed. 
Thus, when 
    √                  (2.158) 
Namely,  
              (2.159) 
            can get the minimum value, then the efficiency is maximum versus the phase current 
at a certain speed as shown in Figure 54. Hence, if at point A, the equation (2.159) is satisfied, 
then the efficiency of point A will be higher than that of point B and point C. 
For the operating points E, A, F on the same torque-speed curve (or at the same phase current) the 
loss ratio can be calculated as 
 
     
  
 
                  
        
 
        
 
    
        
 
     
       
 
     
       
  
     
       
  
(2.160) 
Where, 
             
           , is the core loss,  
        , is the copper loss,  
78 
 
      
      , is the magnet loss,  
       , is the electromagnetic torque   . 
Thus, when 
   √                   (2.161) 
Namely, 
               (2.162) 
            can reach the minimum value, then the efficiency is maximum versus speed at a 
certain phase current as shown in Figure 54. Hence, if at point A, the equation (2.162) is satisfied, 
the efficiency of point A will be higher than that of point E and point F. It can be concluded that 
the maximum efficiency point happens where both the two formulas are satisfied, namely point A. 
Besides, Figure 54 indicates the maximum efficiency is approached at the minimum value of the 
curve of total loss ratio. They illustrate that if the maximum efficiency is requested to be realized 
at the point of higher speed and lower torque, then the copper loss ratio should be increased and 
the iron loss ratio as well as the magnet loss ratio should be decreased. For indirect flux-
weakening control the formulas are only applicable within the constant-torque region. But when 
the motor is driven by      control the formulas can be applied to the whole range of speed. 
 
Figure 54 The ratio of losses to eletromagnetic power  
(Left: versus torque at the rated speed;  
Right: versus speed on the maximum torque-speed curve) 
2.7 Three ways to change efficiency map 
In order to shift the maximum efficiency area to match motor’s regular working area during 
motor design, it is necessary to investigate the factors affecting motor’s efficiency map. 
Assuming the input power of electric motor is constant, different motor efficiency maps will be 
compared in the following subsections. Besides, as in-wheel direct drive motor, usually the speed 
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range is not required to be wide. Here, to make the comparison evident, up to 2000rpm theoretical 
speed range of efficiency map is calculated. 
2.7.1 Dimensions 
Two motors having the same volume but different ratios of stator diameter to stator length have 
been analyzed. They use the same materials (lamination: M1924, magnet: NdFeB), the same 
winding layout and the same combination of slot and pole number (24 slots, 20 poles). Direct 
flux-weakening control is adopted to drive the machines. Table 19 and Table 20 show the 
comparison of motor design and their electric characteristics. 
Table 19 Design comparison between Model I and Model II 
 p    Lamination Magnet D (mm)      (mm)    (T) 
Model I 10 24 M1924 NdFeB 282 30 0.863 
Model II 10 24 M1924 NdFeB 225 47 0.863 
Table 20 Electric parameter comparison between Model I and Model II 
   ℎ (mH)     (V)      (A)    (A) nN (rpm) Max. Eff (%) 
Model I 0.2112 30 167.48 224.29 693 94 
Model II 0.2095 30 211.05 179.43 714 94 
 
        
Figure 55 Geometry comparison (left: Do=282mm L=30mm right: Do=225mm L=47mm) 
 
Figure 56 Efficiency map comparison (left: Do=282mm L=30mm right: Do=225mm L=47mm) 
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It can be observed that although the current of Model II is less than that of Model I, its slot 
current density is higher, 22      compared with 8.8      of Model I. This leads to the 
higher copper loss and lower overall efficiency. With the increasing of copper loss, the maximum 
efficiency area is shifted to high speed region. Because less copper is used in Model II, its weight 
is less. 
2.7.2 Materials 
Both the models have the same dimensions (Do=282mm L=30mm), the same magnets, the same 
winding layout and combination of slot and pole number (24 slots 20 poles). The same control 
strategies are adopted to drive the machines (direct flux-weakening control). But they use 
different materials of stator laminations. Vacoflux50 exhibits much better magnetic performance 
than M1924, and lower specific iron loss.  
Table 21 Design comparison between Model I and Model III 
 p    Lamination Magnet D (mm)      (mm)    (T) 
Model I 10 24 M1924 NdFeB 282 30 0.863 
Model III 10 24 Vacoflux50 NdFeB 282 30 0.863 
Table 22 Electric parameter comparison between Model I and Model III 
   ℎ (mH)     (V)      (A)    (A) nN (rpm) Max. Eff (%) 
Model I 0.2112 30 167.48 224.29 693 94 
Model III 0.2112 30 167.48 224.29 693 96 
 
Figure 57 Efficiency map comparison (left: M1924 right: Vacoflux50) 
It can be observed that Model III with lower iron loss has maximum efficiency area in the low-
torque high-speed region. The overall efficiency is also improved. The weight and slot current 
density are nearly the same.  
2.7.3 The combination of slot and pole number 
Both the models have the same dimensions (Do=282mm L=30mm). They use the same materials 
(Lamination: M1924, Magnet: NdFeB) and are driven by the same control strategy (direct flux-
weakening control). But they have different combinations of slot and pole number.  
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From Figure 60 it can be found that the copper loss of Model IV is decreased a little in 
comparison with that of Model I. The magnet loss is decreased greatly because it is the same 
situation that the magnets are segmented. The iron loss is nearly doubled because the frequency is 
doubled. The change of losses distribution shifts the maximum efficiency area to high-torque 
region on the efficiency map. Besides, both the models have nearly the same weight and slot 
current density. 
Table 23 Design comparison between Model I and Model IV 
 p    Lamination Magnet D (mm)      (mm)    (T) 
Model I 10 24 M1924 NdFeB 282 30 0.863 
Model IV 20 48 M1924 NdFeB 282 30 0.863 
Table 24 Electric parameter comparison between Model I and Model IV 
   ℎ (mH)     (V)      (A)    (A) nN (rpm) Max. Eff (%) 
Model I 0.2112 30 167.48 224.29 693 94 
Model IV 0.4101 60 86.25 112.14 693 94 
 
          
Figure 58 Geometry comparison (left: 24 slots 20 poles right: 48 slots 40 poles) 
  
Figure 59 Efficiency map comparison (left: 24 slots 20 poles, right: 48 slots 40 poles) 
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Figure 60 Comparison of losses and efficiency at the working point 119Nm 693rpm 
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CHAPTER III 
 
OPTIMIZATION OF MOTOR DESIGN BASED ON EFFICIENCY MAP 
In this chapter, starting with driving cycle analysis and powertrain design of electric vehicle, 
motor design specification is specified. Two motor designs are proposed by multi-objective 
optimization design procedure. Different motor designs are compared from the view of efficiency 
map and energy saving on board. 
3.1 Driving cycle analysis 
Driving cycle is a series of data composed by time as x-axis and vehicle velocity as y-axis, which 
is produced by different countries and organizations to assess the performance of vehicles. In this 
section, according to different driving cycles, the requested traction torque and motor speed are 
calculated for a certain electric vehicle. Motor’s regular working area will be discovered. 
As shown in Figure 61, when an electric vehicle moving on uphill, except the traction force (  ) 
from electric motor, there are several resistant forces imposed including rolling resistance (    
and    ), aerodynamic resistance (  ) and grading resistance (      ) [80], [81]. 
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Figure 61 Forces acting on a vehicle 
According to Newton’s Second Law,  
 
      
 
          
 
 
       
           
  
  
 (3.1) 
Where, 
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  , is the output torque from electric motor, Nm, 
  , is the gear ratio of transmission, 
  , is the efficiency of transmission, 
 , is the tire rolling radius, m, 
 , is the total mass of electric vehicle, kg, 
 , is the gravity acceleration, 9.81    , 
  , is the rolling resistance coefficient, 
 , is the grade angle, 
  , is the air density, 1.202     
 , 
  , is drag coefficient, 0.335, 
  , is the front face area, 
 , 
 , is the velocity of electric vehicle,   , 
 , is the rotational inertia factor, 
     
 
   
 (3.2) 
Where, 
J, is the total rotating moment of the rotating components including in-wheel motor and the wheel, 
         , for the tire 195/65R15 its value is 3.718. 
r, is the tire rolling radius, m. 
For an electric vehicle with fuel cell as energy source, its specification and powertrain [82] are 
shown in Table 25 [83] and Figure 62 respectively. Thus, when this electric vehicle running with 
a certain driving cycle. According to (3.1), the request values of traction torque can be calculated 
with the series data of velocity from driving cycles. 
For the driving cycle of UDDS(or FTP75) with constant road grade equal to 0 degree, the 
velocity versus time is shown in Figure 63. For the electric vehicle shown in Table 25, the 
requested values of torque on each wheel are calculated as shown in Figure 64. In Figure 65, the 
torque- speed profile is divided into several blocks and how much time the in-wheel motor works 
within this block is also indicated. It can be observed that the regular working area of this in-
wheel motor is around the working point of 30Nm at 400rpm. Consequently, this type of driving 
cycle can be categorized as” low speed low torque”. The same method is also used to calculate 
other driving cycles like NewYorkBus and UDDSHDV as shown in Figure 66 and Figure 69 
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respectively, always with 0 degree of road grade. Similarly, the regular working area is around 
178Nm at 200rpm in the “low speed high torque” region and 40Nm at 667rpm in the “high speed 
low torque” region respectively. 
Table 25 Specification of electric vehicle 
Total mass(kg) M 1100 
Front face area(m^2)    2 
Drag coefficient    0.335 
Tire rolling radius(m) r 0.282 
Rolling resistance coefficient    0.009 
Maximum expected speed(km/h)      150 
Speed range ratio x 2 
Gradeability speed(km/h)    10 
Maximum gradeability i 20% 
Crusing range(km)    230 
Acceleration time (0-100km/h) (s)    15 
Rotational inertia factor δ 1.0425 
Air density(kg/m^3)    1.202 
Tire 
 
195/65 R15 
Drive mode 
 
4WD 
Fuel cell DC/DC
Fuel cell 
controller
DC/DC
controller
Battery
Battery 
controller
Motor 
contorller
In-wheel 
motor
ECU
Traction
Battery charge
Speed
T
o
rq
u
e
T
ra
ct
iv
e 
E
ff
o
rt
Vehicle speed
 
Figure 62 Powertrain of a fuel-cell electric vehicle 
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Figure 63 Driving cycle of UDDS 
 
Figure 64 Requested torque and speed of UDDS 
 
Figure 65 Requested torque and speed of UDDS 
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Figure 66 Driving cycle of NewYorkBus 
 
Figure 67 Requested torque and speed of NewYorkBus 
 
Figure 68 Requested torque and speed of NewYorkBus 
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Figure 69 Driving cycle of UDDSHDV 
 
Figure 70 Requested torque and speed of UDDSHDV 
 
Figure 71 Requested torque and speed of UDDSHDV 
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3.2 Powertrain power size design 
3.2.1 Motor design specification 
The performance of electric vehicle is assessed from three aspects: acceleration ability, 
gradeability and crusing range. The first two assessment requires the motor to deliver enough 
traction power and the last one requires enough energy source provided or deposited by fuel cells 
and batteries. 
The traction power for accelerating the vehicle from zero km/h to    km/h in    seconds can be 
expressed as 
    
  
   
((
  
   
)
 
 (
  
   
)
 
)  
 
 
    
  
   
 
 
 
      (
  
   
)
 
 (3.3) 
Where, 
   is the base speed,         is the speed ratio assumed to be 2~3, 
   is equal to 100km/h. 
As the vehicle specification in Table 25, the maximum driving speed      is 150km/h. Thus,     
can be taken as 75km/h. Substituting into (3.3), it can be obtained that  
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For the four-wheel drive, the power size of each in-wheel motor is 
        
  
 
        (3.4) 
The base speed of both electric vehicle and electric motor is  
    
  
      
 (3.5) 
which is equal to                        , thus the maximum torque is 170Nm.  
This result is the power size of in-wheel motor estimated from the specification of acceleration 
ability. Moreover, it can be also estimated from the view of maximum speed. The traction power 
for maintaining the vehicle running at the maximum speed can be expressed as 
    
 
    
(     
        
 
     
)     (3.6) 
Substituting the parameters, it is equal to 
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which is much less than the traction power calculated from vehicle’s acceleration ability. 
Finally, the requested torque from vehicle’s gradeability is calculated as 
    (                   
      
 
     
                 )   (3.7) 
which is equal to 
                                           
   
     
         
                               
For each wheel the requested torque is 156Nm. It can be seen the motor specification calculated 
from vehicle acceleration ability can also satisfy vehicle maximum driving speed and gradeability. 
In sum, the specification of the electric motor is specified as shown in Table 26 and Figure 72. 
Table 26 Specification of in-wheel motor 
Rated/Max rpm 700/1500rpm 
Max torque 170Nm 
Max power 12.5kW 
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Figure 72 Design specification of in-wheel motor 
3.2.2 Power size design of fuel cell and battery 
The battery of Evercel 22AH prismatic NiZn is adopted with 25 modules. The DC bus voltage is 
              . The weight of battery is                . 
To check whether the number of battery modules could satisfy the need of the maximum traction 
power, it is calculated by 
         
     
          
 (3.8) 
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Where, 
     , is the maximum traction power, 
     , is the specific power, 
  , is the efficiency of electric motor, assumed to be 95%, 
   , is the efficiency of motor controller, assumed to be 95%. 
Thus, the number of battery modules needed is equal to  
        
       
                  
    
Which is less than 25 modules. 
However, according to the cruising range, the number of battery modules is re-calculated as 
         
    
     
 (3.9) 
Where, 
  , is the traction force, 
  , is the cruising range, 
     , is the specific energy. 
Thus, the number of battery modules needed is  
        
     
      
        
     
Which is much more than 25 modules. It indicates that the energy stored in battery could only 
sustain                . 
Assessing the power size of fuel cells, the efficiencies of DC/DC converter and fuel cell are also 
considered. The peak power that fuel cell system should provide are given by 
        
     
             
 (3.10) 
Where, 
     , is the efficiency of DC/DC converter, assumed to be 95%, 
   , is the efficiency of fuel cell, assumed to be 80%, 
Then, it is 
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3.3 Multi-objective optimization design 
The necessary input parameters of optimization procedure are motor regular operating torque and 
speed, which are calculated according to a certain driving cycle. The design objective is to design 
a motor whose maximum efficiency point matches its regular working point. 
The mechanical constraints are defined according to the dimensions of wheel and the intrinsic 
structure constraints of motor design. There are five design variables. Their ranges are defined by 
the mechanical constraints to avoid geometry conflictions. But if there is geometry confliction 
detected, this design result will be filtered out by the optimization algorithm.  
Due to the harsh working environment of in-wheel motor slot current density at the maximum 
output torque should also be confined within a reasonable range. The range depends on the 
cooling condition and motor operating condition. In order to choose the optimal design solution 
among a wide range of samples, the slot current density could be taken as an objective function. 
Another objective function is defined to satisfy the formulas (2.159) and (2.162) so that the 
maximum efficiency point will take place at the requested operating point. 
The algorithm of multi-objective optimization NSGA-II [84–86] is adopted, which is an advanced 
algorithm based on Genetic Algorithm. Its input are the number of populations, M, the number of 
generations, N, the ranges of design variables, and objective functions. The purpose of the 
optimization procedure is to generate a family of results, which minimize the objective functions 
meanwhile not dominating each other. The flow chart of optimization procedure is shown in 
Figure 73. The initial values of M populations are generated randomly within the variables’ 
ranges. Then the dimensions of motor are specified by the design variables. Motor losses are 
calculated on the regular operating point (Tq, n) to get the values of objective functions. After N 
times of evolution, a family of optimal design solutions is generated.  
M populations
N generations
Initialize the variables 
Do,Bσ,Bbi,Bt,L 
and their ranges
Generate variables 
Do,Bσ,Bbi,Bt,L 
To specify the geometry 
dimensions
Slot number Q, pole number 2p
Regular operating point: torque, Tq 
and speed, n
Input phase current 
and frequency
k=1
To calculate losses and 
efficiency
To calculate objective 
functions f1,f2
k=N?
Optimization algorithm
(NSGA-II)
The maximum efficiency point will happen 
at (Tq,n) on the efficiency map
Save the design 
result
k=k+1
 
Figure 73 Flow chart of optimization procedure 
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Table 27 Mechanical constraints and ranges of variables 
The number of populations = 50 
The number of generations = 100 
Mechanical constraints 
The outermost diameter            
The innermost diameter            
The width of teeth wt>2.5mm 
The thickness of magnet LM>3mm 
Range of variables 
   (mm) 230~330 
   (T) 0.86~0.96 
    (T) 0.6~1.5 
    (T) 0.6~1.5 
L (mm) <80 
Objective functions 
      (            )  
   (             )  
                        
3.4 Comparison of motor designs 
A 20-poles 24-slots SPM in-wheel motor is designed with the motor design procedure for a 4-
wheel-drive electric vehicle. Based on the driving cycle of UDDS shown in Figure 63, the regular 
working point is 30Nm and 400rpm. The design specification of an in-wheel motor is proposed in 
Figure 72. The constraints, variables’ ranges and objective functions are listed in Table 27 for the 
motor design procedure. After 100 generations of evolution, 50 design results are acquired. Their 
values of objective functions are shown in Figure 74. The design results do not dominate each 
other, namely that none is better than another when comparing the values of the two objective 
functions. It shows that with the bigger value of    the maximum efficiency area will appear 
further away from the expected operating point. But with lower value of    there will be higher 
slot current density. Hence, considering both aspects, Design I is selected as shown in Figure 75 
and Table III.  
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Figure 74 Values of objective functions of design results 
Table 28 Common specifications of the motor designs 
Phase number 3 
Magnet NdFeB 
Lamination M1942 
Magnet arc 160 elec.deg 
Turns per coil 10 
Filling factor 45% 
Rated speed 700rpm 
Max torque 170Nm 
Magnet electrical resisitivity 0.16e-5 Ohm.m 
Relative permeability 1.1 
Remanence 1.12 T 
LM 4.3mm 
Table 29 Motor designs 
 Design I Design II 
Pole pairs 10 20 
Slot number 24 48 
Winding factor 0.966 0.966 
Air gap (mm) 1 1 
Slot opening (mm) 3 2 
Bg (T) 0.86 0.86 
Do (mm) 282 282 
L (mm) 30 45 
hj (mm) 14 10.80 
ht (mm) 37 40.20 
wt (mm) 21.20 10.60 
Ip (A) 320.41 106.80 
Im/Isc 1.91 1.23 
Vm (V) 37.71 87.33 
Phase inductance (mH) 0.21 0.61 
Current density @170Nm(     ) 12.57 8.37 
Total weight (kg) 12.69 14.52 
Figure 76 and Figure 77 show the efficiency map of Design I. The maximum efficiency is 
realized at the operating point of 30Nm 400rpm. The efficiency is 94.5%. At this point the copper 
loss, iron loss and magnet loss are 29.4W, 36.4W and 6.7W respectively, which satisfy the 
formulas of losses balance equations. The efficiency at the point of 170Nm 700rpm is 86.3%, 8.2% 
lower than the maximum efficiency. The power factor map is shown in Figure 78.  
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Figure 75 View of In-wheel motor Design I 
 
Figure 76 The torque-speed efficiency map of Design I 
 
Figure 77 The power-speed efficiency map of Design I 
96 
 
 
Figure 78 The torque-speed power factor map of Design I 
To further illustrate the changing of efficiency map by motor design, based on Design I, Design II 
is proposed for another driving cycle NewYorkBus shown in Figure 66, which requests the 
maximum efficiency deployed at the operating point of high torque. Design I and Design II share 
some same design specifications as shown in Table 28. As discussed in 2.6, in order to shift the 
maximum efficiency area to high torque region, the iron loss ratio should be increased while the 
magnet loss and copper loss ratio should be decreased. The changes of stator diameter and 
lamination length could reassign losses ratio and influence efficiency map. But within limited 
space, it is difficult to vary motor geometry too much. Another more effective method is to 
change the combination of slot and pole numbers. 
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Figure 79 Shifting maximum efficiency point 
From 2.5.2, it can be seen that the core loss is only influenced by pole number and has nothing to 
do with the slot number. Thus, increasing pole number leads to increase core loss ratio. From the 
view of copper loss ratio, for the same requested torque and the same geometry of motor, Figure 
45 lists the copper loss of all possible combinations of slot and pole numbers. The combinations 
whose copper losses are equal or less than that of 20 poles and 24 slots are the potential 
candidates. The magnet loss is mainly caused by the MMF harmonics which are asynchronous 
with rotor. After investigating the possible combinations, from 2.5.3 it can be found for the same 
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diameter and input current the magnet loss of 10 pole pairs and 24 slots is much higher than that 
of 20 pole pairs and 48 slots. 
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Figure 80 SPM motor with 40 poles and 48 slots 
Thus, Design II is proposed as shown in Figure 80 and Table 29. To make a comparison, it has 
the same stator diameter. Longer lamination helps increase the core loss ratio more as shown in 
Figure 81. In Design II, the maximum efficiency 94.5% is shifted to the operating point of 
114Nm 538rpm. The efficiency of 30Nm 400rpm is decreased to 90.7%. The comparison of 
losses distribution between Design I and Design II at 119Nm 667rpm is shown in Figure 85. It 
can be observed that with reference to the same output the copper loss is decreased, the iron loss 
is increased and the magnet loss is decreased. This agrees with Figure 79. 
To conclude, for SPM motor the maximum efficiency point on the efficiency map appears when 
the formulas (2.159) and (2.162) are both satisfied. Utilizing this characteristic in multi-objective 
optimization, SPM motor can be designed to make its maximum efficiency area cover its regular 
working area for a certain driving cycle and control strategy. Within limited space, the motors 
with different number of slots and poles can exhibit different efficiency maps. Taking advantage 
of the characteristic of losses balance formulas, changing the combination of slot and pole 
numbers can shift the maximum efficiency area from one part to another. 
   
Figure 81 Comparison of efficiency maps (Left: Do=282mm, L=30mm, Qs=24, p=10;  
Center: Do=282mm, L=30mm, Qs=48, p=20; Right: Do=282mm, L=45mm, Qs=48, p=20) 
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Figure 82 The torque-speed efficiency map of Design II 
 
Figure 83 The power-speed efficiency map of Design II 
 
Figure 84 The power factor map of Design II 
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Figure 85 Losses comparison between Design I and Design II 
3.5 Performance evaluation of motor design in powertrain 
The powertrain of electric vehicle is analyzed with the help of Advisor2002 [35] as shown in 
Figure 86. Both the motors of Design I and Design II are equipped on the vehicle for the driving 
cycle of UDDS. Their energy consumption and efficiency will be compared. 
As introduced in Figure 62, the power train of electric vehicle is composed by fuel cell (grey and 
green blocks) and fuel cell converter (blue block), battery and battery converter (grey block with 
black dots), motor and motor controller (grey block with black sideline).  
Before the analysis, several assumptions have to be declared in advance: 
1) Because there are four in-wheel motors, the transmission should be ignored, whose 
efficiency is set as 1 in Advisor2002. 
2) In this model, the motor and motor controller are integrated into one single block. Thus 
the efficiency map of this block should be the multiplication of efficiency map of motor 
and that of motor controller. However, the objective in this section is to compare the 
performance of two motor designs with the same power size. The efficiency of motor 
controller is considered as a constant as 1. 
3) The four in-wheel motors are assumed to have the same working condition. Therefore, 
they can be equivalent to one synthesized motor block, which has the same efficiency 
map to that of individual in-wheel motor but with quadruple torque value. 
4) The efficiency map calculated in analytical way with y-axis of electromagnetic torque 
rather than output mechanical torque. However, the motor block in this model receives 
reference signals of requested output mechanical torque and speed. Considering the error 
is less, the efficiency map with electromagnetic torque as y-axis can be precise enough. 
5) The motor will run in regeneration mode to send the energy back into battery when the 
vehicle brakes. Here, the efficiency map of generation mode is assumed to be equal to 
that of traction mode. 
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Finally, the performance of fuel cell electric vehicle with different motor designs (Design I and 
Design II as shown in Table 28 and Table 29) for the driving cycle of UDDS as shown in Figure 
63 and Figure 66) are analyzed. The vehicle runs one round of the driving cycle with 0 road grade. 
The acceleration ability and gradeability are also calculated. 
Table 30 Acceleration and gradeability test 
 0-96.6km/h Max. speed 20% 
Design I 15s 187.2km/h 57.9km/h 
Design II 14.7s 187.2km/h 57.9km/h 
 
 
Figure 86 Powertrain analysis in Advisor2002 
Table 31 Performance comparison of motor/controller of UDDS 
 Losses Efficiency Fuel consumption 
 Traction Regeneration Traction Regeneration  
Design I 461kJ 79kJ 90% 91% 16L/100km 
Design II 1414kJ 147kJ 75% 84% 46.6L/100km 
It can be concluded that both the motors can satisfy the specification of electric vehicle from the 
view of acceleration ability and gradeability. After running one round of driving cycle UDDS, 
Design I with high efficiency area around 30Nm 400rpm on the efficiency map shows better 
performance with lower loss generation, higher efficiency and lower fuel consumption in 
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comparison with Design II. The high efficiency area of Design II is located around 114Nm 
538rpm. Its worse performance indicates the impact of motor efficiency map on vehicle 
performance. Figure 87 and Figure 88 show the operation points of electric motors and their 
efficiency maps as calculated in Figure 76 and Figure 82. 
 
Figure 87 Motor/Controller operation of Design I under UDDS 
 
Figure 88 Motor/Controller operation of Design II under UDDS 
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CHAPTER IV 
 
FEM EVALUATION 
Considering the Finite Element Method (FEM) can provide more reliable and accurate results. In 
this chapter, the characteristics of the SPM motor designs are also calculated in FLUX 2D. The 
analytic results are compared with the FEM results.  
4.1 Inductance calculation 
First, the theory used to calculate phase inductance of SPM motor is introduced [87]. As shown in 
Figure 89, the d-q rotating coordinate can be taken as the equivalence of the static three-phase 
coordinate. 
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Figure 89 Three-phase coordinate and its equivalent d-q coordinate 
The transformation from ABC reference to d, q reference is given by, 
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On the contrary, the transformation from d, q reference to ABC reference is given by, 
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In order to keep the same power before and after the transformation, assuming the turns number 
of each phase A, B, C is   , while the turns number of d and q is  , then following equation 
should be ensured, 
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Besides, the inductances of d-axis    and q-axis    are calculated from, 
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Figure 90 D, q flux passing through phase A 
Thus, in Figure 90, when d-axis is lined up with the axis of phase A, the flux passing through 
coils of phase A is equal to 
A d                                                                   (4.6) 
When q-axis is lined up with the axis of phase A, the flux passing through coils of phase A is 
equal to 
A q                                                                   (4.7)
 
The flux linkage is calculated by 
2
2
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d d
q q
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

                                                                   
(4.8) 
Assuming that 
Ai I  
0.5Bi I   
0.5Ci I                                                                       (4.9) 
According to the park transformation (4.2), when    , 
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When      , 
3 3
2 2
q Ai I i 
                                                       (4.11)
 
Consequently, the d-axis inductance becomes 
dq abc
d m A m
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Neglecting the fluctuation of magnet working point caused by armature reaction, it can be 
assumed that 
m o                                                                    (4.13) 
Where   is the flux linkage under no-load condition. 
Similarly, the inductance of q-axis becomes, 
q A
q
q A
L
i i
 
 
                                                          (4.14)
 
 
The phase inductance is calculated analytically as following, 
                                                           (4.15) 
Where,  
   , is the magnetizing inductance, 
  , is the leakage inductance, 
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  , is the mutual leakage inductance. 
The leakage inductances have several components expressed as 
                                                            (4.16) 
                (4.17) 
Where, 
     , is the slot leakage inductance, 
     , is differential leakage inductance, 
    , is the end-winding inductance, 
     , is the mutual slot leakage inductance, 
     , is the mutual differential leakage inductance. 
Here,             ,               ,               ,              ,       
   ,             . Then,            , which is a little bit lower than FEA result. 
4.2 Performance evaluation 
4.2.1 Back EMF calculation 
Back EMF is also calculated in FEM method and analytical method at base speed. With the help 
of FLUX 2D, FEM calculation is implemented. The model of Design I in FLUX is presented in 
Figure 91 and its electric circuit is presented in Figure 92. The three-phase coils are connected 
with infinite value of resistor and the motor is dragged to rotate at 700rpm for at least one electric 
revolution. The three-phase back EMF results are presented in Figure 93. 
 
Figure 91 Model of Design I in FLUX 
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Figure 92 Electric circuit in FLUX 
 
Figure 93 Three-phase back EMF in FLUX 
The back EMF is also calculated analytically. First, according to 2.1, the open-circuit flux density 
distribution at the stator surface is given by 
             ̃ ∑              
 
 (4.18) 
The flux linkage through one stator coil is expressed by 
   ∫                  
    
     
 (4.19) 
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  , is the winding pitch angle, mec.rad, 
  , is the radius of stator surface, 
    , is the length of the stator lamination. 
It can be calculated the back EMF induced in one turn of a coil is 
        
  
  
   ̃ ∑                      
 
 (4.20) 
Where, 
  , is rotating speed, mec.rad/s, 
   , is the n-th winding pitch factor, 
Hence, the induced back EMF of one phase is expressed as 
       ̃ ∑                            
 
 (4.21) 
Where,  
   , is the number of serial turns per phase, 
   , is the n-th winding distributed factor. 
The analytical result is presented in Figure 94 in comparison with FEM result. 
 
Figure 94 Comparison of back EMF between FEM and analytic results 
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4.2.2 Torque calculation 
The analytic calculation of electromagnetic torque is validated by FEM. The electric circuit 
utilized for torque calculation in FLUX is presented in Figure 95. Two of the three-phase 
windings are connected to current sources. The amplitude, frequency and advanced angle are 
imported into the current sources to drive the motor in constant torque region or flux-weakening 
region. Five solid conductors are linked to five magnet blocks to calculate the magnet loss. 
 
Figure 95 Electric circuit in FLUX 
For Design I, when the amplitude of current is imposed as 224.3A at 667rpm with 0 current 
advanced angle, the waveform of electromagnetic torque is presented in Figure 96. The torque 
ripple is calculated to be 4.34%. 
 
Figure 96 Electromagnetic torque calculated in FLUX 
 
Figure 97 Magnet loss calculated in FLUX 
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The result of magnet loss calculated in FLUX is presented in Figure 97. Its mean value is 57.03W. 
Because this is the result of ¼ model, the total magnet loss is 228.12W.  
Furthermore, according to 2.3, different values of input current and advanced angle are calculated 
and exported into current source in FLUX for Design I and Design II. The comparison of results 
is presented in Figure 98. The error is caused mainly by the error of phase inductance estimation 
and the error of open-circuit air gap flux density. 
Table 32 Torque comparison of Design I 
Speed 111rpm 333rpm 667rpm 1000rpm 1500rpm 
Advanced angle   (elec.deg) 0 0 0 35.40 53.41 
Torque(Nm) 
Analytical 119 119 119 97.03 66.04 
FEM 119.21 118.75 118.06 91.22 62.99 
Design phase current amplitude: 224.29A 
FLUX phase current amplitude: 240.46A 
Table 33 Torque comparison of Design II 
Speed 111rpm 333rpm 667rpm 1000rpm 1500rpm 
Advanced angle   (elec.deg) 0 0 0 33.74 53.38 
Torque(Nm) 
Analytical 119 119 119 98.98 71.03 
FEM 118.86 118.79 118.66 98.14 69.06 
Design phase current amplitude: 74.76A 
FLUX phase current amplitude: 78.04A 
 
Figure 98 Comparison of torque-speed profile 
4.2.3 Losses calculation 
The transient magnetic solver in FLUX is used to calculate the iron loss and magnet loss. The 
results of Design I and Design II are presented in Table 34 and Table 35. The comparison is 
shown in Figure 99 and Figure 100. In order to deliver the same torque, the imposed phase 
current in FLUX is different from that of design value. This is caused by the error of open-circuit 
air gap flux density. 
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Modified Steinmetz equation is adopted to calculate iron loss as discussed in 2.5.2.1. It can be 
seen this method overestimates iron loss due to not considering the armature reaction effect 
precisely. Especially when the motor operation goes into high-speed region, the error of iron loss 
becomes bigger. However, this error only accounts for few percent of electromagnetic power. It 
will not influence the accuracy of the efficiency map very much.  
In general, an acceptable agreement of losses calculation can be detected, especially under rated 
speed, to make reliable the evaluation of motor efficiency map. 
Table 34 Losses comparison of Design I 
Speed 111rpm 333rpm 667rpm 1000rpm 1500rpm 
Advanced angle   (elec.deg) 0 0 0 35.40 53.41 
Stator iron loss(W) 
Analytical 6.05 27.49 83.15 155.38 -- 
FEM 7.68 32.24 92.36 132 -- 
Magnet loss(W) 
Analytical 8.1 72.92 292.55 657.59 1280.6 
FEM 7.24 64 252.16 645.28 1544.16 
Design phase current amplitude: 224.29A 
FLUX phase current amplitude: 240.46A 
Table 35 Losses comparison of Design II 
Speed 111rpm 333rpm 667rpm 1000rpm 1500rpm 
Advanced angle   (elec.deg) 0 0 0 33.74 53.38 
Stator iron loss(W) 
Analytical 15.5 74.58 233.98 466.73 -- 
FEM 16.08 79.12 251.84 350.16 -- 
Magnet loss(W) 
Analytical 1.32 11.87 47.62 107.03 240.82 
FEM 1.52 13.76 54.08 117.92 252.16 
Design phase current amplitude: 74.76A 
FLUX phase current amplitude: 78.04A 
 
Figure 99 Comparison of iron loss 
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Figure 100 Comparison of magnet loss 
4.3 Flux-weakening control in Portunus 
In order to know the motor performance under real driving cycle, motor control model is built in 
Portunus, which can be used to co-simulink with Flux 2D. The variation of losses and efficiency 
can be known in real time. 
The control theory has been discussed in 2.4. It is implemented as shown in Figure 101 in the 
block of “  
    
  reference generator” [88], [89]. The block of “Speed regulator” is an anti-windup 
PI regulator, which generates torque reference from speed error. The d,q voltage references are 
calculated from d,q current references based on the equations of (2.61) and (2.62). Both voltage 
references, together with rotor position, are sent to the block of “Space Vector Modulation (SVM)” 
to generate PWM signal [90]. 
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Figure 101 Motor control schematic diagram 
4.3.1 Current loop 
The transfer function of the current regulator is given by 
               
   
    
 (4.22) 
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The       current loop can be presented as Figure 102 [91]. Several delays are introduced 
including  
 the delay due to control algorithm with the time constant     
 
   
, where     is 
sampling frequency equal to 10kHz, thus          ; 
 the delay due to the sampling and holding with the time constant equal to        
      ; 
 the delay due to the modulation and the inverter with the time constant equal to        
        
mp
mp
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K
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Figure 102 Current loop 
From Figure 102, the transfer function of open current loop with unity feedback can be expressed 
as 
 
           
   
    
  
 
         
 
 
      
 
 
         
 
 
         
 
 
          
 
(4.23) 
From the root loci of the open loop transfer function, it can be deduced that 
        
  
   
 (4.24) 
For the motor of Design I in Table 29,           mH,            Ohm. Thus,     
      ms. 
Consequently, the open loop transfer function can be approximated with one equivalent time 
constant, 
       
   
    
 
 
           
 (4.25) 
Where, 
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According to Optimal Modulus design criterion, the gain of the current regulator is found 
    
      
    
 
            
      
       
Because d, q inductances are almost equal for SPM machine, the coefficients of d, q current 
regulators can have the same values. 
Furthermore, the equivalent time constant of current loop needs to be calculated for speed loop as 
a delay. The equivalent closed loop transfer function of current loop is expressed as 
       
 
         
 
 
    
           
 (4.26) 
The second order term is neglected so that the equivalent time constant of the current loop is 
estimated as 
                      
4.3.2 Speed loop 
The transfer function of the speed regulator is given by 
               
   
    
 (4.27) 
Before building up the speed loop, it is necessary to know the mechanical equation of SPM motor, 
             
   
  
 (4.28) 
Where, 
   , is the electromagnetic torque, Nm, 
  , is the load torque, Nm, 
 , is the viscous friction coefficient, Nm/rad/s, 
J, is the total rotating moment of electric motor and the wheel,          , 
  , is the mechanical speed, mec.rad/s. 
According to 3.1, the rotating moment of the wheel is 3.718         . It can also be calculated 
that the rotating moment of the in-wheel motor, Design I, is 0.1236         . Thus,   
                            . 
If B is neglected, the mechanical equation is simplified as, 
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 (4.29) 
Where,       . 
In the frequency domain, it can be expressed as 
              
 
 
        (4.30) 
Then, the speed loop is presented in Figure 103. 
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Figure 103 Speed loop 
The delays considered in speed loop are: 
 the delay due to the control algorithm,          ; 
 the delay due to the current loop,          ; 
 the delay due to the sampling, which has the time constant              . 
There are two inputs to the speed loop: the reference speed   
  and load torque   . In order to 
configure the proper coefficients of speed regulator, one of the inputs is considered as 0. When 
    , the speed loop can be presented Figure 104. For this case, only the proportional gain of 
speed regulator     is considered. 
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Figure 104 Speed loop when Tl=0 
Thus, the open loop transfer function has the following expression, 
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 (4.31) 
As similar as aforementioned, the delays are approximated to one delay with the time constant 
equal to 
                     
The open loop transfer function becomes 
          
 
      
 
  
 (4.32) 
According to Optimal Modulus design criterion, the gain of the speed regulator is found 
    
 
     
 
      
           
         
When     , the speed loop can be presented Figure 105. 
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Figure 105 Speed loop when we*=0 
The closed loop transfer function of Figure 105 is given by 
       
 
    
             
    
                       
 
(4.33) 
With the Symmetric Optimum method,     can be obtained as 
               
In sum, the coefficients of speed regulator and current regulator are listed in Table 36. 
Table 36 Coefficients of PI regulator 
Speed regulator Current regulator 
       (s)        (s) 
320.133 2.4e-3 0.417 35.34e-3 
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Finally, the SPM motor control strategy is realized in Portunus as shown in Figure 106. The 
motor controller needs inputs of reference speed, feedback speed and rotor position, feedback 3 
phase currents. The controller will generate reference values of voltage in     coordinate, 
which are sent to 3-phase Space Vector Modulation (SVM) inverter [92]. The input currents of 
SPM motor and the shaft torque are measured for feedback. The friction torque including ground 
friction torque and wind dragging torque are generated and imposed as load torque on the shaft. 
`
Friction Torque
`
Control inputs:
Reference Speed
Feedback Speed and rotor position
Feedback 3-phase Current
Generate 
reference 
values of 
Ualpha, Ubeta
Measurement SPM Motor
Torque Meter Load Torque
 
Figure 106 SPM motor control in Portunus 
Assuming the road grade is 0 degree, ground friction torque of each wheel is calculated as 
     
     
 
                               
While the wind dragging torque of each wheel is  
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Figure 107 Controller subsystem 
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The inside of controller in Figure 106 is presented in Figure 107. It is composed by two main 
blocks, flux-weakening controller (“fwcontrl”) and current controller (“CurrentContr”). Flux-
weakening controller serves to generate reference values of d, q components of input current. It 
includes speed regulator and d, q current generator as shown in Figure 101. Current controller 
serves to generate reference values of d, q voltage. It includes current regulator and d, q voltage 
calculation inside. 
Control strategy
Switches
Anti-windup PI regulator
Phase voltage estimation
 
Figure 108 Flux-weakening controller 
Inside Flux-weakening Controller, direct flux-weakening control strategy is implemented. 
According to the estimation of d-axis current and phase voltage, the block of “Control strategy” 
will activate or deactivate corresponding switches to make the motor operation transfer among 
MTPA region, Flux-weakening region and MTPV region. 
The first round test is implemented to make the motor accelerate from 0km/h to 100km/h, which 
is from 0rpm to 941rpm, considering the ground friction and wind friction as load on the shaft. It 
can be observed that the motor accelerates to 941rpm within 3.85 seconds as shown in Figure 109 
Speed and torque. The shaft torque is equal to the total friction torque. After 1.814 seconds, the 
operation of motor transfer from MTPA control to flux-weakening control as indicated in Figure 
111, which presents the status of motor operation mode switches. 
The requested speed and torque are imported into the model to check whether the electric drive 
system can satisfy load request dynamically. Figure 112 (blue line represents load request, red 
line represents motor output) indicates that the output torque and speed can track load request 
very well. 
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Figure 109 Speed and torque  
 
Figure 110 Measured and reference d, q current 
 
Figure 111 Motor operation mode switches 
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Figure 112 Load request of UDDS and motor output 
4.4 Co-simulation of Portunus and Flux 2D 
In co-simulation, the model of electric motor is replaced by FLUX model as shown in Figure 113. 
The electric circuit in FLUX needs to be modified as Figure 114. The voltage from Portunus is 
imposed on the phase coils in FLUX as shown in Figure 114and the current is fed back to the 
inverter as an equivalent current source in Portunus. The length of co-simulation time varies 
greatly depending on the setup of step time.  
The final objective is to calculate the variation of different losses within one driving cycle. With 
the loss changing with time, the dynamic temperature rise can be predicted. Future work will also 
consider the thermal effect on motor performance. A multi-physics simulation of transient 
electromagnetic calculation coupled with transient thermal calculation will be implemented based 
on this co-simulation model. 
 
Figure 113 Co-simulation in Portunus 
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Figure 114 Electric circuit for co-simulation in FLUX 
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CHAPTER V 
 
PROTOTYPE AND EXPERIMENT RESULTS 
A 10kW prototype of concentrated-winding fractional-slot SPM motor with 28 poles 24 slots is 
manufactured. The view of the prototype is shown in Figure 115. It has six phases with double-
layer windings. But the double-layer six-phase windings can also be connected into single-layer 
three-phase windings as indicated in Figure 116.  
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Figure 115 View of SPM prototype 
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Figure 116 Phase angle diagram of six phase and three phase 
The prototype is used for high-speed application. Its rated speed is 2400rpm. Hence, the parallel 
slot shape is adopted to accommodate Liz wire for weakening the skin effect at high frequency. 
Although this prototype is not manufactured for in-wheel application, it has the same structure to 
the motor which is studied in this thesis like external rotor, surface mounted magnet and the same 
type of winding layout. Thus, the experimental results can be utilized to validate the analytical 
results. So far the experiments are still on progress. In this chapter some primary experimental 
results will be presented and compared with analytical calculation. Table 37 presents the design 
parameters of the prototype. 
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Table 37 Design parameters of the prototype 
Phase number, m 6 
Pole pairs, p 14 
Slot number,    24 
Magnet material SM-26U 
Relative permeability,    1.02 
Remanence,    0.9 T 
Air gap flux density,    0.64T 
Lamination material Cogent NO-20 Laminated 2mm 
Magnet arc,    160 elec.deg 
Winding factor,     0.966 
Turns per coil, N 8 
Filling factor,       40% 
Base speed,    2400rpm 
Rated torque,    40Nm 
Magnet length,    6mm 
Air gap, g 2mm 
Slot opening,    4mm 
Stator diameter, D 264mm 
Length of lamination,      44mm 
Peak phase current,    43.83A 
Rms phase voltage,      120V 
Phase inductance,    0.526mH 
Current density @40Nm, J 4       
Cooling condition Air cooling 
Insulation class Class H 
Based on the slot star shown in Figure 117, motor’s winding layout can be identified. Its winding 
factors are calculated until 100
th
 harmonics in Figure 118. The manufactured stator and rotor are 
shown in the photo Figure 119. 
 
Figure 117 Slot star of 24-slot 28-pole fractional-slot concentrated winding 
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Figure 118 Winding factors for all the harmonics 
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Figure 119 Rotor and stator of the prototype 
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Figure 120 Scheme of test bench 
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The test bench for the prototype is built up as shown in Figure 120. Figure 121 displays the 
prototype mounted on the test bench. The air inlet hole, air outlet window and resolver can be 
seen from the photos. The cooling air generated by fan passes though air inlet hole, stator, end-
winding, air gap and air outlet window as presented in Figure 122. The winding can be visualized 
through the air outlet window made by glass as well as its temperature can be measured by 
infrared thermal meter. 
Air inlet hole
Resolver
Air outlet window
 
Figure 121 The prototype mounted on test bench 
Air outlet
Air outlet
Air inlet
Air inlet
 
Figure 122 Passage of cooling air 
Some preliminary tests have been completed. The phase resistance under ambient temperature is 
measured as shown in Table 38. The error is possibly caused by the estimation of end-winding 
length and the contact resistance between Liz wire and leading wire. The back EMF at base speed 
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2400rpm is measured and compared with FEM results and analytic results as shown in Figure 123. 
They make a good agreement. The back EMF at other speed is also measured to calculate its back 
EMF factor as shown in Figure 124. The experimental result of 0.1066V.rms/Hz agrees well with 
the design value of 0.0922V.rms/Hz. 
Table 38 Phase resistance at 20 C 
Design value 14.95mΩ 
Measured value 20.15mΩ 
 
Figure 123 Back EMF comparison of phase A at 2400rpm 
 
Figure 124 Back EMF at different speed 
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APPPENDICES 
 
 
Coefficients extraction from the lamination datasheet 
Coefficients extraction is implemented both for the Modified Steinmetz method and for the 
magnetic field method. Table 39 shows the iron loss datasheet of Vacoflux 48 Cobalt-iron Alloy 
at different values of frequency and flux density. 
Table 39 Iron losses of Vacoflux 48 Cobalt-iron Alloy (W/kg) 
f (Hz)     (B=1T)     (B=1.5T)     (B=2T) 
50 0.812 1.470 2.379 
60 0.998 1.799 2.929 
100 1.809 3.279 5.298 
400 10.527 20.594 34.290 
1000 38.189 85.875 155.655 
2000 111.268 278.520 539.845 
5000 523.149 1449.583 2970.145 
First is to extract the coefficients of Modified Steinmetz method. The original Steinmetz equation 
is given by 
             
         
   
  
To get the value of    and   , the equation is divided by f  to get the form as 
       
 
      
With the manufacture date sheet, three lines of             can be drawn versus different 
frequencies f as shown in Figure 125. Then three values of D can be obtained from the intercept 
on the vertical axis of the three lines. Because 
      
      
then with three different values of   , 1T, 1.5T and 2T in this case, the coefficients   , a and b 
can be solved. At the same time, three values of E can also be obtained from the slope of the lines. 
The maximum value of E is used to calculate   .  
  
 
Figure 125 Linearization of the lamination datasheet 
The extracted values of iron loss coefficients from the manufacture datasheet are shown in Table 
40. Figure 126 indicates the difference between the estimation of iron loss density by Steinmetz 
equation and the datasheet. 
Table 40 The coefficients of iron loss calculation 
          
0.018 1.181 0.058 2.768e-5 
 
Figure 126 Comparison between estimation and datasheet 
The coefficients of Steinmetz equation are extracted as abovementioned. After the coefficients 
are known, Steinmetz equation is used to estimate iron losses at other values of frequency. Based 
on the data of iron losses estimated from Steinmetz equation, the coefficients of equation (2.139) 
are extracted as following.  
The physical property of Vacoflux 48 Cobalt-iron Alloy is shown in Table 41. For a 10 pole pairs 
motor, the calculated loss density at certain speeds is shown in Table 42. Consequently, with two 
y = 1.775E-05x + 1.756E-02 
y = 5.264E-05x + 2.936E-02 
y = 1.107E-04x + 4.314E-02 
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equations      and    can be calculated for different values of speed. The calculated results are 
shown in Table 43. 
Table 41 Physical property of Vacoflux 48 Cobalt-iron Alloy 
Mass density         
    8120 
Electrical conductivity         2.2727e6 
Thickness of lamination d (m) 0.0002 
Table 42 Calculated iron loss density 
Speed (rpm) Frequency (Hz) Loss density with B=1T (W/kg) Loss density with B=1.5T (W/kg) 
111 18.5 0.334331769 0.564471 
333 55.5 1.059825919 1.821281 
667 111.16667 2.294095876 4.033369 
1000 166.66667 3.69541756 6.623015 
1500 250 6.1196875 11.23179 
2000 333.33333 8.928332133 16.7054 
Table 43 Calculated coefficients for different frequency 
Speed (rpm) 111 333 667 1000 1500 2000 
Frequency (Hz) 18.5 55.5 111.1667 166.6667 250 333.3333 
    -55.5456 -52.8334 -48.6676 -44.4971 -38.2346 -31.9651 
      5.35007 3.0901 2.1837 1.7834 1.4562 1.261 
 
 
 
